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ABSTRACT 

Lignin is a hydrophobic heteropolymer that is synthesized in the secondary cell walls of all 

vascular plants. In plants, lignin enables upright growth habits, water conduction through the 

stem and also protects the plants against invading pests and pathogens. From the commercial 

point of view, lignin hinders the utilisation of the cellulosic cell walls of plants in pulp and paper 

industry and as forage. Furthermore, the resistance of lignin to microbial degradation enhances 

persistence of plant biomass in soil leading to decreased biodegradation. From these industrial 

and agricultural perspectives, it is desirable to develop improved plant varieties with altered 

lignin content and composition

Biosynthesis of lignin precursors (p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol) 

takes place in cytoplasm through phenylpropanoid pathway, these monomers are transported into 

the cell wall and oxidised by peroxidases and laccases to phenoxy radicals that couple to form 

the lignin heteropolymer. The presence of residual lignin results in pulp and paper with inferior 

performance characteristics and poor brightness stability or yellowing with age. During paper 

pulping, lignin is removed from wood by chemical and energy intensive processes, which are 

neither economical nor eco-friendly. Paper industry in India mainly uses bamboos, Eucalyptus 

sp., Casuarina sp. and Leucaena sp. as a source for paper pulp. Although all these plant species 

are of importance to the paper industry, Leucaena leucocephala is exclusively used in India and 

contribute to around 25% of raw materials to paper and pulp industry. 

The present study is aimed at understanding lignin biosynthesis pathway in Leucaena 

leucocephala. The current research gave emphasis on the less well-known polymerisation stage, 

so as to identify, isolate and characterize lignin biosynthetic peroxidases (class III). Classical 

peroxidases are monomeric, heme-containing glycoproteins that are found exclusively in the 

secretory pathways. These enzymes can dehydrogenate cinnamyl alcohols, and many other 

phenolic substrates, at the expense of H2O2.

No study has been done so far in this regard, anywhere on Leucaena sp. Most of the lignin 

biosynthetic enzymes are encoded by several genes, all of which may not participate in lignin 

biosynthesis. Therefore, in this study, we investigated the expression of identified lignin 

biosynthetic peroxidases during developmental and stress-induced lignification process, using 
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real-time RT-PCR and immuno-localization. Also, the responses of peroxidase down-regulated 

Leucaena leucocephala to their wild type plants were evaluated. Over all, the present study may be 

helpful for development of transgenic L. leucocephala plants with desired characters suitable for Indian 

pulp and paper industry. 

The main features of the present thesis are: 

 Cloning and characterization of lignin biosynthetic peroxidase (POX) gene from 
Leucaena leucocephala. 

 Studies on spatial and temporal expression of POX gene in Leucaena leucocephala. 

 Transformation of Leucaena leucocephala plant with antisense POX construct and its 
analysis. 

Isolation, cloning and characterization of lignin biosynthetic Class III peroxidase gene

This chapter deals with the PCR based approach for fishing out the peroxidase gene from 

Leucaena leucocephala. Primers were designed based on consensus region of various reported 

sequences of the peroxidase genes from the NCBI GenBank database. A partial peroxidase gene 

was amplified which showed highest homology to Class III peroxidases. Rapid Amplification of 

cDNA Ends (RACE) was performed to obtain the 5’ and 3’ UTR regions. Primers were designed 

from these UTRs to amplify the full length peroxidase gene. Characterization of the gene 

encoding lignin biosynthetic Class III peroxidase is embodied in this chapter.

(A) Heterologous expression of lignin biosynthetic Class III peroxidase, its purification and 

characterization

The cDNA clone of peroxidase was cloned into the expression vector pET-28a(+) and was 

expressed in E. coli BL21 (DE3) strain. The Protein was purified from inclusion bodies using Ni-

chelated affinity column and used to raise polyclonal anti-bodies in rabbit. The present study 

showed that, peroxidase being a highly glycosylated protein need to be expressed in eukaryotic 

expression system to get the protein expressed in its active form. Hence, cDNA coding for 

mature peptide of peroxidase was cloned into pPICZα A vector and  expressed in Pichia pastoris

as secretory protein and was purified and characterized.
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(B) Spatio-temporal expression and immuno-cytolocalization of peroxidase

This section will describe the expression pattern of lignin biosynthetic Class III peroxidase

(POX) gene in different plant parts at different intervals of time. The spatial and temporal 

expression of the peroxidase gene was studied using quantitative PCR i.e. Real Time PCR. The 

5.8S rRNA was used as the internal standard. Plants of different age i.e. seedling of age 5 day, 10 

day, 15 day and 20 days were used for temporal expression studies. Plant parts mainly root and 

shoot only used for preliminary spatial expression studies. 

Antibodies raised in rabbit against, lignin biosynthetic Class III peroxidase (POX) protein was 

used to immuno-cytolocalize the candidate protein in Leucaena leucocephala. Transverse 

sections of root and shoot of 5 day, 10 day, 15 day and 20 days old seedlings were used for 

immuno-cytolocalization studies.

Transformation of antisense peroxidase gene in Leucaena leucocephala and analysis of 

transformants.

This chapter presents, the first time report of the biological synthesis of a carbon-gold (HTC 600-

Au) composite nano particle and its use as microcarrier in biolistic transformation of plant 

systems. The plant transformation binary vector pCAMBIA 2301 with the reporter gene GUS, 

harbouring the peroxidase gene in anti-sense orientation was used for the study. Two different 

strategies namely, particle bombardment and particle bombardment followed by co-cultivation 

were used and will be described in detail. Evaluation and analysis of transgenic plants, for 

putative transformants and confirmation of integration of these genes in Leucaena leucocephala

genome by GUS assay and by molecular techniques like PCR, DNA sequencing and 

Southern/slot blotting is presented in this chapter. 



CHAPTER 1   2



                                                                                                                  Chapter 1 Introduction

Abhilash. O.U                                            Ph.D Thesis 2009 University of Pune     1

1. Introduction

Evolution of the land plants and their ability to colonise the earth required a mechanism 

that allowed the transport of water and nutrients from the roots into the aerial parts. This 

was achieved by the evolution of water conducting elements, which are hollow, 

interconnected cells that form a continuum from the roots to the leaves and to the shoot 

apex. These water conducting cells contain a thick secondary cell wall that mainly 

consists of parallel chains of cellulose, which are organized through hydrogen bonding to 

microfibrils and further lamellar structures. In addition to cellulose hemicellulose are also 

incorporated. To allow water conduction through the cells, the hydrophilic carbohydrates 

are incrusted with lignin, which makes the cell walls hydrophobic and impermeable to 

water. Lignin also gives compressive strength to the vascular elements to withstand the 

negative pressure that is thought to be generated by transpiration and the cohesive 

movement of water along the vascular elements (Steudle, 2001). Compressive strength is 

also needed to support the weight of the stem and the crown, especially in trees. 

Therefore, lignin is indispensable to land plants. In addition to the vascular elements, a 

few other cell types namely, fibres and sclereids are also lignified in plants (Esau, 1960). 

Lignified fibres are long cells, in which the lumen is nearly filled with secondary cell 

wall. Sclereids also contain secondary cell wall but they are smaller in size than fibres. 

Lignin also functions as a defence barrier against invading pathogens and is formed in 

response to wounding. On the other hand, lignin hinders utilization of the cellulosic cell 

walls of plants as forage and its commercial use in pulp and paper industry, and thus has 

a tremendous economical impact.

The occurrence of lignin in the plant kingdom is restricted to vascular plants. It is found 

from pteridophytes and higher plants but not from bryophytes, although some 

Phenylpropanoid metabolites have been detected in mosses (Lewis and Yamamoto, 

1990). Majority of lignin is synthesized in trees, in which most of the secondary xylem is 

lignified. In gymnosperms, the xylem consists of lignifying tracheids, which act as both 

water conducting and supporting structures, and ray parenchyma performs horizontal 

transport of nutrients. Ray tracheids are associated with ray parenchyma, which also have 

a lignified secondary cell wall. In angiosperms, the water conducting cells are the large 
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vessel elements that contain secondary thickenings, as well as the less abundant tracheids, 

whereas fibres act as supporting structures.

Lignin biosynthesis is a part of the Phenylpropanoid metabolism, which also includes the 

diverse flavanoids, coumarins, suberin and lignans. The biosynthetic pathways of these 

compounds are partly shared, which has complicated the view on lignin biosynthesis. The 

research on lignin biosynthesis has focused on a few model species, which include both 

trees and herbaceous plants, example, tobacco (Nicotiana tabacum L.). Among the tree 

species, poplars are commonly used due to the available genomic sequence from black 

cottonwood (Populus trichocarpa Torr. & Gray) (Tuskan et al., 2006) and to the relative 

ease of the generation of transgenic plants and clonal material. Species of Eucalyptus and 

Pinus have also been utilized. The herbaceous model plant Arabidopsis thaliana (L.) 

Heynh. is widely used for studies on both secondary cell wall development and lignin 

biosynthesis (Nieminen et al., 2004; Groover, 2005). In addition to the lignified vascular 

elements, the Arabidopsis inflorescence stem contain interfascicular fibres that have 

thickened secondary cell walls with both G and S lignin (Ehlting et al., 2005). 

The following sections will describe the existing knowledge on the lignin hetero polymer 

and its biosynthesis, including the synthesis of the precursors, their transport into apoplast 

and polymerization to form lignin. The current views on the regulation of the enzymes 

involved lignification process, their importance and the role of Leucaena leucocephala

with special reference to Indian paper and pulp industry is discussed. 

1.1 Pulp and Paper Industry 

In India the annual production of paper is close to 5 million MT. Worldwide annual 

production of paper has increased more than three fold in the past forty years, amounting 

to a total production of 120 x 106 tons. India’s annual soft woods and pulp imports are 

worth US $ 300 million and the projected annual short fall of paper and paper products is 

expected to grow to approximately 4 million MT by the year 2010. In addition, the 

growth of paper and paper products consumption in India is expected to be the highest in 

Asia during the current decade.  

To produce bright and good quality paper, pulp may require a further bleaching treatment 

to remove lignin residues. The delignification process consumes large quantities of 
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energy and hazardous chemicals. Reducing the content or changing the quality of lignin 

in pulp wood species without compromising the mechanical strength of the plant is 

desirable for paper industry. This would be beneficial, both from the economical as well 

as environmental point of view. The results could be extrapolated to the forage crops to 

improve digestibility since the presence of lignin limits the ability of microorganisms to 

break down the cellulose and hemicellulose in the animal alimentary canal. Thus, it has 

become imperative to achieve self sufficiency in paper and pulp production, which may 

be achieved with the development of fast growing trees providing higher biomass with 

low lignin content per unit of land. Wood, agricultural residues and many other plant 

materials, which can be used for pulp and paper production, consist largely of lingo-

cellulose (a composite of mainly cellulose, hemicellulose and lignin). In the production of 

paper, pulp (which is mainly cellulose), the hemicellulose and much of the lignin are 

removed using mechanical or chemical processes or a combination of both.     

1.2 Lignin

The term Lignin was introduced in 1819 by de Candolle and is derived from the Latin 

word lignum, meaning wood. After cellulose, lignin is most abundant natural (terrestrial) 

organic polymer and a major constituent of wood. It forms an integral cell wall 

component of all vascular plants, representing on an average of 25% of the terrestrial 

plant biomass. Lignin content is higher in softwoods (27-33%) than in hardwood (18-

25%) and grasses (17-24%). The highest amounts of lignin (35-40 %) occur in 

compression wood on the lower part of branches and leaning stems (Fengel and Wegner, 

1984; Sarkanen and Ludwig, 1971). Lignin does not occur in algae, lichens or mosses 

(Nimz and Tutschek, 1977), whereas the “lignins” of bark differ in their structure from 

typical wood lignins (Zimmermann et al., 1985). The ability to synthesize lignin has been 

essential in the evolutionary adaptation of plants from an aquatic environment to land and 

provides crucial structural integrity to the cell wall stiffness and strength of the stem 

(Chabannes et al., 2001 and Jones et al., 2001). Lignin biosynthesis begins in the cytosol 

with the synthesis of glycosylated monolignols from the amino acid phenylalanine. These 

first reactions are shared with the phenylpropanoid pathway. The attached glucose 

renders them water soluble and less toxic. Once transported through the cell membrane to 

the apoplast, the glucose is removed and the polymerization commences.  Lignin is 
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predominantly synthesized and deposited in the secondary cell wall of specialized cells 

such as xylem vessels, tracheids and fibers. It is also deposited in minor amounts in the 

periderm where in association with suberin it provides a protective role against pathogens 

(Sarkanen and Ludwig, 1971). In addition, lignin waterproofs the cell wall, enabling 

transport of water and solutes through the vascular system. Though lignin has been 

studied for more than a century, many aspects of its biosynthesis remain unresolved. The 

monolignol biosynthetic pathway has been redrawn many times and remains a matter of 

debate (Dixon et al., 2001; Humphreys and Chapple, 2002). Likewise, the biochemical 

processes leading to dehydrogenation of the monolignols in the cell wall and their 

polymerization and deposition are fields of active discussion (Davin and Lewis, 2000; 

Hatfield and Vermerris, 2001; Lee et al., 1997; Sederoff et al., 1999).

Fig. 1: (a) Primary lignin monomers M , the monolignols. (b) Lignin polymer P units are denoted based on 

the methoxyl substitution on the aromatic ring as generic PH, PG and PS units. (c) Major structural units in

the polymer; the bolded bonds are the ones formed in the radical coupling reactions. The numbering 

follows that established by Boerjan et al., 2003.

Lignins are complex racemic aromatic heteropolymers synthesized from the 

dehydrogenative polymerization of monolignols, namely coumaryl, coniferyl and sinapyl 

alcohol monomers differing in their degree of methoxylation (Freudenberg and  Neish, 

1968 ) (Fig. 1a). These monolignols produce, respectively, p-hydroxyphenyl (H), 
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guaiacyl (G), and syringyl (S) phenylpropanoid units when incorporated into the lignin 

polymer (Fig. 1b). The amount and composition of lignins vary among taxa, cell types 

and individual cell wall layers, and are influenced by developmental and environmental 

cues (Campbell and Sederoff, 1996).

Fig. 2: Lignification differs substantially from dimerization of monolignols. (a) Dehydrodimerization 

of coniferyl alcohol produces three dehydrodimers in comparable a mounts. The new bond formed by the 

radical coupling reaction is drawn bolder. (b) Dehydrodimerization of sinapyl alcohol produces only two 

products. (c) Dehydrodimerization does not produce these structures. (d) Cross-coupling of a 

hydroxycinnamyl alcohol with a G unit gives only two main products. (e) Cross-coupling of a 

hydroxycinnamyl alcohol with an S unit leads almost exclusively to β -ether unit s A. When the polymer 

phenolic end unit is a β ether, β–1-coupling may also occur to a relatively minor extent. (f) Coupling of 

preformed oligomers is the source of the 5–5- and 4–O–5 units. Red arrows indicate sites at which further 

radical coupling can occur during lignification; the lighter arrow to the 5-positions in (d) and (e) structures 

shows where coupling can occur in G units but not in S units (where the 5 -position is occupied by a 

methoxyl group).
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Dicotyledonous angiosperm (hardwood) lignins consist principally of G and S units and 

traces of H units, whereas gymnosperm (softwood) lignins are composed mostly of G 

units with low levels of H units. Lignins from grasses (monocots) incorporate G and S 

units at comparable low levels, and more H units than dicots (Baucher et al., 1998).  

Lignification is the process by which H, G and S units are linked together via radical 

coupling reactions (Sarkanen and Ludwig, 1971; Freudenberg and Neish, 1968). The 

main “end-wise” reaction couples a new monomer (usually a monolignol and usually at 

its β position) to the growing polymer, giving rise to different structures (Fig. 1c) all of 

which are β-linked. Coupling between preformed lignin oligomers results in units linked 

5–5 and 5–O–4. The coupling of two monolignols is a minor event, with resinol (β–β) 

units or cinnamyl alcohol end groups as the outcome. Monolignol dimerization and lignin 

are substantially different processes (Adler, 1977), explaining why lignification produces 

frequencies of the various units that are different from those produced by dimerization or 

bulk polymerization in vitro (Fig. 2).     

1.3 Lignification

Lignification takes place during the growing season. In tree species, the extensive 

secondary xylem is formed by the vascular cambium, which is an undifferenciated layer 

of cells, equivalent to the shoot apical meristem (Groover, 2005). It surrounds the stem 

and produces xylem inwards and the phloem outwards as the cambial cells divide. This 

division is followed by the differentiation process, including cell expansion and 

elongation through the turgor driven expansion of the wall and the deposition of new 

primary cell wall material, mainly pectin, hemicellulose and cellulose. Once the final 

dimensions of the cell has been reached, the deposition of the secondary cell wall begins, 

followed closely by lignification. In the final phase, the cells undergo programmed cell 

death (Plomion et al., 2001). In gymnosperm species, Picea abies (L.) Karst. (Norway 

spruce) and Pinus sylvestris L. (Scots pine) secondary growth and lignification takes 

place between late May and August. In deciduous trees, such as Betula pendula Roth. 

(Silver birch) this occurs in a shorter time frame, in june and july (Marjamaa et al., 2003), 
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allowing time for the formation of photosynthesizing new leaves in the spring, and for the 

recycling of the leaf nutrients towards autumn before the dormant season.

The formation of a thick secondary cell wall is typical for all lignifying cell types. The 

wall usually contains three layers, S1 to S3, in which the cellulose microfibril (Fig. 3A) 

angle changes relative to the longitudinal cell axis, resulting in increased tensile strength 

in multiple dimensions (Donaldson, 2001; Plomion et al., 2001). Lignification starts 

already during cellulose synthesis, beginning from the cell corners and middle lamella 

and proceeding towards the lumen (Terashima et al., 1988). This first stage begins after 

the start of S1 formation (Fig. 3B).

Fig. 3 A: Organization of the cellulose skeletons in the fiber wall (Parham, 1987).
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Fig. 3 B: A schematic presentation of wood structure showing adjacent tracheids, diameter of each tracheid 

is approximately 30 µm (left), wood cell wall layers S1, S2 and S3: secondary cell wall layers, primary 

wall, middle lamella (middle) and lignin-carbohydrate complex of the secondary cell wall (right). Figure 

from Kirk and Cullen (1998).

During the second stage, lignin deposition into the S2 layer is started while 

polysaccharide deposition still continues. The main lignification takes place after the 

formation of S3 layer (Terashima et al., 1988).  During lignification, the water-filled 

pores between the cellulose microfibrils are filled with lignin, which replaces water and is 

thought to form covalent linkages with the carbohydrates. In the mature wall, the 

secondary cell wall contains upto 80% of the total lignin because of its greater volume. 

However, the lignin concentration is highest in the middle lamella, upto 85% of weight 

(Donaldson, 2001).

Wood 

Wood characteristics vary in different types of plant. For instance, conifers 

(gymnosperms) produce softwood whereas, angiosperms produce hardwoods. Softwoods 

are mainly composed of three cell types, tracheids (which play a role both in rigidity and 

conduction), and axial and ray parenchyma cells. Hardwoods are mainly made of fibers, 

vessels, and axial and ray parenchyma cells. Vessels transport water and solutes through 

the vascular system while fibers provide rigidity, and ray cells facilitate centripetal 

nutrition (Higuchi, 1997). Tracheids, vessels and fibers vary in shape and size (Table 1). 
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The dimensions and chemical composition of the different cell types of wood depend on 

genetic, developmental and environmental factors (Vallette and de Choudens, 1992). 

Softwoods and hardwoods differ in their pulping characteristics. Indeed, the individual 

cell types within wood differ in their chemical characteristics, reflecting the underlying 

differences in biochemistry and molecular biology that are only beginning to be 

appreciated. The three major components of wood cell walls are cellulose, hemicellulose 

and lignin. Long molecules of cellulose provide the skeleton of the walls. Linear 

cellulose chains are aligned together in structures known as ‘elementary fibrils’ or 

‘protofibrils’ that, in turn, associate into more complex structures called microfibrils (Fig.

3A). Microfibrils are highly organized and form distinct fibrillar cell wall layers (Delmer 

and Amor, 1995). Hemicelluloses and other carbohydrates provide the matrix of the cell 

wall. Lignin, a heterogenous hydrophobic phenolic polymer, encrusts the other wall 

components to waterproof and strengthen the wall. In a transverse plane, the parietal 

structure of wood cells is made of a primary and a secondary wall, the latter consisting of 

two or three layers, designated S1, S2, and S3 (Fig. 3B). 

Table 1: Dimensions of the different cell types of softwoods and hardwoods

(Fengel and Wegener, 1984).
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The various cell wall layers differ in chemical composition (Mellerowicz et al., 2001). 

Lignin deposition is one of the final stages of xylem cell differentiation and mainly takes 

place during secondary thickening of the cell wall (Donaldson, 2001). Lignin deposition 

proceeds in different phases, each preceded by the deposition of carbohydrates, and starts 

at the cell corners in the region of the middle lamella and the primary wall when S1 

formation has initiated. When the formation of the polysaccharide matrix of the S2 layer 

is completed, lignification proceeds through the secondary wall. The bulk of lignin is 

deposited after cellulose and hemicellulose have been deposited in the S3 layer. 

Generally, lignin concentration is higher in the middle lamella and cell corners than in the 

S2 secondary wall (Baucher et al., 1998; Donaldson, 2001; Saka and Goring, 1985).  The 

three monolignols (S, G and H) are incorporated at different stages of cell wall formation. 

Typically, H units are deposited first, followed by G units and S units still later in 

angiosperms (Donaldson, 2001; Terashima et al., 1995). Lignin in vessels is generally 

enriched in G units, whereas lignin in fibers is typically enriched in S units (Saka and 

Goring, 1985). A large proportion of S units is also found in secondary walls of ray 

parenchyma (Fergus and Goring, 1970). In gymnosperms, the lignin deposited in 

compression wood is enriched in H units (Timell, 1986). The difference in timing of 

monolignol deposition is associated with variations in lignin condensation in the 

individual cell wall layers, as shown by immunocytochemistry with antibodies raised 

against pure H, pure G, or mixed GS synthetic lignins (Chabannes et al., 2001; Joseleau 

and Ruel, 1997). Lignin deposition and the relative incorporation of the different 

monolignols into the polymer, are spatially and temporally regulated. The mechanisms 

controlling this process are not yet fully resolved but are likely governed by the interplay 

between the spatio-temporal expression of monolignol biosynthetic genes, the kinetics of 

monolignol delivery to the cell wall and the chemistry of monolignol coupling to the 

growing polymer in the complex macromolecular environment of the cell wall. 

1.4 Review of the literature

The major source of fiber for paper products comes from the vegetative tissues of 

vascular plants. Although almost any vascular plant could be used for paper production, 

the economics of scale require a high fiber yield for paper manufacture. By far, the 

principal source of paper making fibers is wood from trees, the largest vascular plants 
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available. The type of wood used can also decide the final characteristics of the pulp. In 

general, softwood fibers are longer than those from hardwood and have thinner cell walls. 

The longer fibers of softwood promote inter-fiber bonding and produce papers of greater

strength.

The fibrous particles used to make paper are made of cellulose, a primary component of 

the cell walls of vascular plant tissues. The cellulose fibers must be removed from a 

chemical matrix like lignin, hemicelluloses, and resins leading to relatively pure fibers. In 

this context, biotechnological approaches are followed to improve soft wood quality by 

reducing the content of lignin, the second largest organic component, next to cellulose.

Worldwide annual production of paper has increased more than three fold in the past 

forty years, amounting to a total production of 120 x 10
6 

tons. In India the annual 

production of paper is close to 5 million MT. India’s annual soft woods and pulp imports 

are worth US $ 300 million and the projected annual short fall of paper and paper 

products is expected to grow to approximately 4 million MT by the year 2010. In 

addition, the growth of paper and paper products consumption in India is expected to be 

the highest in Asia during the current decade. Thus, it has become imperative to achieve 

self sufficiency in paper and pulp production, which may be achieved with the 

development of fast growing trees providing higher biomass with low lignin content per 

unit of land.

On the global scale, the production of trees with improved characteristics is expected to 

help meet the growing need for wood and wood-related products (FAO, 2005), and hence 

to diminish the pressure on the domestication of natural forest resources in the future 

(Boerjan, 2005; Merkle & Nairn, 2005; Nehra et al., 2005). Several conifer and 

angiosperm tree species have been genetically transformed, with the major focus on traits 

including wood quality, insect and disease resistance and abiotic stress tolerance 

(Boerjan, 2005; Merkle & Nairn, 2005; Nehra et al., 2005). Transgenic trees with various 

genetically modified (GM) traits have also been tested in field conditions, e.g. insect

resistant Populus nigra (Hu et al., 2001; Lin et al., 2006), and Picea glauca (Lachance et 

al., 2007), several herbicide-resistant Populus hybrids (Meilan et al., 2002), lignin-

modified Populus tremula x populus alba (Pilate et al., 2002), fungal disease resistant 
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Betula pendula (Pasonen et al., 2004), sterile B. pendula (EC, 2007) and sterile P. 

tremula x P. alba (Wei et al., 2006). Field testing is generally considered to be important 

for assessment of the potential environmental effects of genetic modification in 

organisms such as trees that are characterized by e.g. longevity, wind pollination, and 

multiple ecological interactions in forest ecosystems. Up to now, the commercialization 

of GM trees has lagged well behind that of GM crop plants. The area of cultivated, 

commercialized GM crop plants in 2006 covered 102 million hectares (James, 2006), 

whereas there are only two commercially cultivated GM trees, i.e. the virus-resistant 

papaya fruit tree in Hawaii (Ferreira et al., 2002) and insect-resistant poplar cultivations 

in China (FAO, 2004). The ability to modify lignin as a part of cell wall modification is 

an important area of research in attempts to improve the utilization of plant biomass as a 

renewable source for sustainable development (Boerjan, 2005; Chiang, 2006; Higuchi, 

2006; Li et al., 2006). The development of trees with improved wood quality through 

modification of the genes involved in lignin biosynthesis could be important for the 

improved end use of wood material (Chiang, 2006; Higuchi, 2006). In chemical wood 

pulping, lignin is the main factor hindering the effective utilisation of cellulose fibres, 

from which it needs to be separated by costly and pollutant generating processes (Chiang, 

2002; Baucher et al., 2003; Boerjan, 2005). Genetic modifications resulting in increased 

delignification (through a modified lignin content and/or chemical composition) could 

thus be highly beneficial at both the economical and environmental scale (Baucher et al.,

2003; Boerjan, 2005; Chiang, 2006).

1.4.1 Lignin Biosynthesis and its Regulation 

For the last two decades, there has been a great deal of interest in cloning and 

characterization of the genes controlling monolignol biosynthesis in order to understand 

monolignol biosynthetic pathways in trees and other plants. A number of reviews have 

been done about the advancements of monolignol biosynthesis pathways (Whetten and 

Sederoff, 1995; Whetten et al., 1998; Humphreys and Chapple, 2002; Boerjan et al., 

2003). There is enormous variation in lignin content and composition among plant 

species, tissues, cell types, and even developmental stages and environmental conditions. 

Data from the studies using different plant materials display many agreements as well as 

certain disagreements. Thus, it is debatable whether lignin biosynthesis in all plants 
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follows the exact same pathway or not. To date, most of the genes for monolignol 

biosynthesis have been identified and characterized in various plant species. A 

summarized picture of the main and possible monolignol biosynthesis pathways of wood 

formation in trees is shown in Fig. 5. The genes involved in the pathway, the reaction 

catalyzed by them and their regulation will be discussed. 

Natural variations in lignin content and composition observed between different plants, 

tissues and cell types (Grand et al., 1985; 1983; Monties, 1998; Wu et al., 1992; 

Campbell and Sederoff, 1996; Buxton and Redfearn, 1997; Sederoff et al., 1999; 

Donaldson, 2001) as well as occurrence of natural mutants (Ralph et al., 1997; Halpin et 

al., 1998) suggest that human induced changes in lignin content and composition through 

genetic engineering approaches is a realistic possibility.  Attempts have been made to 

genetically modify plant species with the aim of lignin reduction. Conceptually, genetic 

engineering of lignin can be accomplished at three levels of control, namely synthesis of 

monolignols, its transport and polymerization at the site of deposition (Fig. 4) as the 

overall rate of lignification is regulated not only by the monolignol biosynthesis, but also 

by the coordinated transport, storage, mobilization and polymerization of monolignol 

precursors to the cell wall. During the past decade, significant headway has been made in 

the cloning and subsequent expression of sense and antisense constructs of a number of 

genes pertaining to monolignol biosynthesis, transport and polymerization (Whetten et al. 

1998; Whetten and Sederoff 1991; Boudet et al. 1995; Boerjan et al. 2003; Boudet et al. 

1997; Baucher et al. 2003; Boudet 2000, Sederoff 1999; Grima-Pettenati and Goffner 

1999). The transgenics have produced unexpected findings leading to a profound 

reappraisal of our understanding of the phenylpropanoid “metabolic grid”. The enzymes 

and their genes involved in lignin biosynthesis and related findings of gene regulation of 

lignin biosynthesis pathway genes are discussed in the following section.
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Fig. 4: Levels of control for manipulation of lignin biosynthesis. The control level 1 involves 

manipulation of genes for PAL, C4H, COMT or AldOMT, CCoAOMT, F5H, 4CL, CCR and CAD, level 

2 involves the genes for UDPG-GT and CBG, while level 3 includes POD, LAC and PO

1.4.2 Key enzymes in Lignin Biosynthesis:

Phenylalanine ammonia-lyase (PAL) 

Monolignol biosynthesis is considered to start from phenylalanine. The enzyme 

Phenylalanine ammonia-lyase, PAL, that catalyzes the conversion of phenylalanine to 

transcinnamic acid, is the initial step towards monolignol biosynthesis and other phenolic 

secondary plant metabolites. Genes encoding PAL have been studied in Populus species 

(Osakabe et al., 1995; Kao et al.; 2002), loblolly pine and other plant species (Jones, 

1984; Ohl et al., 1990; Leyva et al., 1992; Bate et al., 1994; Hatton et al., 1995; Kumar 

and Ellis, 2001). PAL exists as a multiple member gene family and the individual 

members can be involved in different metabolic pathways as suggested by their 

expression patterns in association with certain secondary compounds accumulated in 

specific tissue or developmental stage. The expression studies of two PAL genes 

suggested that one is associated with condensed tannin metabolism and the other with 

monlignol biosynthesis (Kao et al., 2002). In the Arabidopsis genome, four PAL genes 

were identified and were phylogenetically classified into two groups based on sequence 

similarity (Raes et al., 2003). The biochemical activity of all known PALs is verified to 

specifically catalyze deamination of phenylalanine, but genetic and physiological 
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function may vary among different PAL members. The expression of PAL genetic 

function is controlled by various genetic circuits and signaling pathways. 

The cis-element structures in PAL gene promoters can be part of the molecular circuit 

that directs a variety of the PAL genetic and physiological functions. In some PAL 

promoters, conserved AC cis-elements of box P, box A, and box L are identified for 

regulating the phenylpropanoid genes expression related to monolignol biosynthesis 

(Cramer et al., 1989; Lois et al., 1989). In other PAL member promoters, the cis-elements 

of H box and G box are found (Cramer et al., 1989; Lois et al., 1989; Osakabe et al., 

1995; Leyva et al., 1992; Raes et al., 2003). Many other cis-elements have been 

identified in members of the PAL gene family, however, their function and regulation 

remains to be studied. PAL gene expression has been suppressed by 85% and >98% in

transgenic plants with resultant 52% (Sewalt et al., 1997) and 70% (Korth et al., 2001) 

reduction in Klason lignin content, respectively. Lignin monomeric composition, 

determined by pyrolysis GC-MS, was characterized by a lower proportion of G units and 

a 1.7-fold increase in S/G ratio (Sewalt et al., 1997). Because PAL catalyzes the first step 

of the phenylpropanoid pathway, reduction of its activity results in a wide range of 

abnormal phenotypes. The transgenic plants were stunted, had curled leaves, and had 

thinner cell walls in the secondary xylem with less lignin than those of the control 

(Elkind et al., 1990; Bate et al., 1994). These plants were also more susceptible to the 

fungal pathogen Cercospora nicotianae (Maher et al., 1994). A slight increase in Klasone 

lignin and dry matter content was observed in the stem of PAL-over expressing plants 

(Howles et al., 1996; Korth et al., 2001). Over expression of PAL did not lead to changes 

in lignin composition as determined by pyrolysis GC-MS (Sewalt et al., 1997), but to a 

decrease in the amount of S units, yielding a reduction in the S/G ratio when lignin was 

analyzed by thioacidolysis (Korth et al., 2001). 

Cinnamate 4-hydroxylase (C4H) 

The conversion of cinnamate to p-coumarate is catalyzed by C4H. C4H is a cytochrome 

P450-dependent monooxygenase, belonging to the CYP73 family. Similar to PAL, C4H 

is thought to be involved in a number of secondary metabolism pathways in addition to 

monolignol biosynthesis as p-coumarate is an intermediate for biosynthesis of many 
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secondary compounds (Croteau et al., 2000). Multiple C4H gene members are identified 

in many plant species, however, only one C4H is known in the Arabidopsis genome 

(Raes et al., 2003). The expression study of two C4H members in quaking aspen 

indicated that one is strongly expressed in developing xylem tissues and the other is more 

active in leaf and young shoot tissues. In other species, C4H gene is expressed in a 

variety of tissues and the expression is induced by wounding, light, pathogen attacks and 

other biotic and abiotic stimuli (Bell-Lelong et al., 1997; Raes et al., 2003). The 

mechanisms that regulate the genetic function of C4H gene and its family members are 

yet unknown. 

In transgenic tobacco plants, C4H activity was altered by expressing the alfalfa class I 

C4H (CYP73A3) (Sewalt et al., 1997; Blount et al., 2000) or the French bean class II 

C4H (CYP73A15) (Blee et al., 2001) genes in sense or antisense orientation (class I and 

class II C4H share approximately 60% similarity). Overexpression of class I C4H had no 

effect on Klasone lignin, nor on the S/G ratio. In contrast, a 76% reduction in total C4H 

activity led to a 63% decrease in Klason lignin and a modification of the lignin 

monomeric composition. The amount of S units was strongly reduced and S/G decreased 

by over 90% (Sewalt et al., 1997). Similarly, a reduction by 90% of C4H activity by 

down-regulation of the class II C4H resulted in a 27% decreased lignin content and one 

tobacco transgenic line had a decreased S/G ratio (Blee et al., 2001). In transgenic 

tobacco modified to reduce C4H expression, decreased PAL activity has also been shown 

(Blount et al., 2000). Regulation may be mediated by pathway intermediates, for 

example, cinnamic acid may act as a feedback regulator of the phenylpropanoid pathway.  

Coumarate 3-hydroxylase (C3H) 

Early biochemical evidence suggested that the reaction coumarate to caffeate is catalyzed 

by a nonspecific phenolase, but that suggestion did not receive much support in other 

studies (Stafford and Dresler, 1972; Boniwell and Butt, 1986; Kojima and Takeuchi, 

1989; Petersen et al. 1999). Recently, the gene encoding p-coumarate 3-hydroxylase 

(C3H) was cloned and an alternative pathway proposed based on the enzyme activity of 

CYP98A3 gene from Arabidopsis (Schoch et al., 2001; Franke et al., 2002 a; Nair et al., 

2002). 
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Fig. 5:   Biosynthetic pathway for the monolignol precursors of lignin.

PAL-phenylalanine ammonia-lyase; C4H-cinnamic acid 4-hydroxylase; C3H- p-coumarate-3-

hydroxylase; CST-hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase; 4CL- 4-coumaroyl-

CoA-ligase; CCoAOMT- caffeoyl-CoA O-methyltransferase; CCR-cinnamoyl coenzyme A reductase; 

CAld5H-coniferyl aldehyde 5-hydroxylase; AldOMT-5hydroxyconiferyl aldehyde O-methyltransferase; 

CAD-cinnamyl alcohol dehydrogenase; SAD- sinapyl alcohol dehydrogenase
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The proposed alternative suggested that the hydroxylation at the 3-position of the 

aromatic ring of cinnamic acid does not directly occur on p-coumarate, instead, p-

coumarate is first converted to p-coumaroyl CoA ester by 4-cinnamoyl-CoA ligase 

(4CL), then the CoA ester group of pcoumaroyl CoA is exchanged by 

hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase (CST) to form p-

coumaroyl shikimic acid which serves as a substrate of C3H to produce caffeoyl shikimic 

acid. Subsequently caffeoyl shikimic acid reverts back to caffeoyl CoA to push 

metabolism towards the biosynthesis of monolignols. Among tree species, a CYP98 

cDNA was cloned from sweetgum and aspen (Osakabe et al., 1999), but the postulated 

genetic and biochemical functions in monolignol biosynthesis have not been 

demonstrated for its role in wood formation. 

The gene encoding p-coumarate 3-hydroxylase (C3H) has only recently been cloned by 

two independent research groups. Using a functional genomics approach, Schoch et al. 

(2001) identified CYP98A3 as a possible candidate for C3H. In parallel, by screening 

Arabidopsis mutants under UV light, Franke et al. (2002a) isolated the reduced epidermal 

fluorescence 8 (ref8) mutant. By positional cloning, the REF8 gene was identified as the 

cytochrome P450 dependent monooxygenase CYP98A3. The ref8 mutant had collapsed 

xylem vessels, a higher cell wall degradability and a higher susceptibility to fungal 

colonization (Franke et al., 2002b), associated with the accumulation of p-coumarate 

esters instead of sinapoylmalate and with a reduction in lignin content of 60-80%. A 

range of analyses showed that lignin composition was dramatically altered, being almost 

entirely madeup of p-coumaryl alcohol units (Franke et al., 2002b).  

Coumarate coenzyme A ligase (4CL) 

Genetic and biochemical functions of 4-Coumarate Coenzyme A ligase (4CL) genes have 

been clearly demonstrated in association with monolignol biosynthesis (Lewis and 

Yamamoto, 1990; Lee et al., 1997; Hu et al., 1998, 1999; Harding et al., 2002). 4CL 

genes usually exist as a multi-gene family. Different expression patterns of 4CL members 

are found in herbaceous and tree species. Four 4CL genes were detected in the 

Arabidopsis genome and the expression of each member was regulated differentially in 



                                                                                                                  Chapter 1 Introduction

Abhilash. O.U                                            Ph.D Thesis 2009 University of Pune     19

tissues and development stages (Raes et al., 2003). In aspen trees, two 4CL genes were 

cloned and their expression clearly distinct, with one in epidermal and leaf tissue and the 

other specifically in developing xylem tissue (Hu et al., 1998; Harding et al., 2002). 

Furthermore, the enzymatic activities of 4CL members from aspen, loblolly pine, 

tobacco, soybean, Arabidopsis, and many other species were found to have distinct 

substrate specificities (Voo et al., 1995; Zhang and Chiang, 1997; Hu et al., 1998; 

Lindermayr et al., 2003; Schneider et al., 2003; Hamberger and Hahlbrock, 2004). 

Whether the substrate specificity of the 4CL members relates to different metabolic 

pathways is unknown. As the 4CL catalytic kinetics vary among species, it is also likely 

that the mainstream pathway mediated by 4CL may not be exactly the same in all plant 

species or tissues. Nevertheless, monolignol biosynthesis is tightly controlled by 4CL. 

Suppression of 4CL expression through antisense technology has demonstrated the 

effectiveness of reducing total lignin content (Lee et al., 1997; Hu et al., 1999; Li et al., 

2003). In aspen, suppression of 4CL expression led to more than 55% lignin reduction in 

wood. Thus, technology aimed at 4CL suppression could be applied to plant genetic 

modification for better fiber production and other utilizations.  Transgenic plants with 

reduced 4CL activity have been produced in tobacco (Kajita et al., 1996, 1997),

Arabidopsis (Lee et al., 1997), and aspen (Hu et al., 1999; Li et al., 2003). In tobacco, 

reduction of 4CL by over 90% resulted in 25% less lignin. In poplar and Arabidopsis with 

a >90% reduced 4CL activity, lignin content was reduced by 45–50%. In tobacco, the low 

4CL activity was associated with browning of the xylem tissue (Kajita et al., 1996). In 

transgenic aspen down-regulated for 4CL, Hu et al. (1999) also detected an increase in 

non lignin alkali-extractable wall-bound phenolics (p-coumaric acid, caffeic acid, and 

sinapic acid), which were not incorporated into the lignin polymer. However, no 

difference in lignin S/G composition for Arabidopsis and tobacco was observed. 

Discrepancy between the results published by Kajita et al. (1997) and Hu et al. (1999) is 

that the transgenic tobacco lines with the most severe reduction in lignin content (25%) 

were characterized by a collapse of vessel cell walls and reduced growth (Kajita et al., 

1997), whereas the transgenic poplars with a 45% reduction in lignin content had a 

normal cell morphology and a higher growth rate than the control (Hu et al., 1999). The 

increased level of hydroxycinnamic acids as non-lignin cell wall constituents has been 
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suggested to contribute to the cell wall strength in transgenic poplar (Hu et al., 1999). 

Because several 4CL isozymes exist with different cell-specific expression, down-

regulation of several or all isozymes simultaneously may perturb metabolite levels other 

than those involved in lignin, with a secondary effect on growth as a consequence. 

Antisense inhibition of 4CL in aspen trees led to a 15% increase in cellulose content. 

These results suggest that lignin and cellulose deposition are regulated in a compensatory 

fashion and that a reduced carbon flow toward phenylpropanoid biosynthesis increases 

the availability of carbon for cellulose biosynthesis (Hu et al., 1999; Li et al., 2003). A 

combinatorial down-regulation of 4CL along with an over expression of F5H in xylem 

has been achieved by co-transformation of two Agrobacterium strains in aspen (Li et al., 

2003). Additive effects of independent transformation were observed, in particular a 52% 

reduction in lignin content associated with a proportional increase in cellulose and a 

higher S/G ratio. 

Caffeoyl coenzyme A 3-O-methyltransferase (CCoAOMT) and Caffeate-O-methyl-

transferase (COMT) or 5-hydroxyconiferaldehyde-O-methyltransferase (AldOMT)

In monolignol biosynthesis, methylation is required at the 3-carbon and at the 5-carbon 

positions on the aromatic ring of the monolignol unit. The 3-carbon methylation leads to 

guaicyl unit formation and methylations on the 3-and 5-positions results in a syringyl 

unit. In early studies, it was postulated that two types of methyltransferases were 

necessary for methylations (Higuchi, 1997). Mono-functional O-methyltransferase to 

methylate the 3rd position and therefore controlled the G monolignol unit biosynthesis, 

and the bi-functional O-methyltransferase to catalyze both 3-and 5-methylations leading 

to S monolignol unit biosynthesis. However, molecular studies have revealed that there 

are two kinds of genes encoding for the enzymes that specifically catalyze the 3-and 5-

methylation, respectively (Ye et al., 1994; Li et al., 1999, 2000; Chen et al., 2001). 

Biochemical evidence from the studies using tree material suggests that the 3-and 5-

methylations occur at different biosynthesis stages. The 3-methylation occurs on the CoA 

ester intermediate while the 5th position is methylated at the aldehyde intermediate 

(Osakabe et al., 1995; Li et al., 2000). The two genes are: one encoding a CCoAOMT and 

the other encoding a 5-Omethyltransferase that preferably methylates 5-

hydroxyconiferaldehyde. The 5-Omethyltransferase was thought to methylate caffeic acid 
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and was named COMT accordingly. However, more recent evidence indicates that the 

methylation catalyzed by COMT enzyme basically occurs at 5-hydroxyconiferaldehyde, 

therefore the enzyme was renamed AldOMT (Li et al., 2000). In addition to these two 

types of OMTs involved in the monolignol biosynthesis in angiosperms, another OMT 

(named AEOMT) that can methylate both hydroxycinnamic acids and hydroxycinnamoyl 

CoA esters was found in the gymnosperm loblolly pine (Li et al., 1997). However, 

identification of AldOMT in gymnosperms has not been reported. It appears that 

CCoAOMT gene plays a predominant role in the gymnosperm lignin biosynthesis. In 

loblolly pine CCoAOMT was detected as a single copy and specifically expressed in 

developing xylem (Li et al., 1999). Down-regulation of COMT activity has been 

achieved using either antisense or sense transgenes in tobacco (Dwivedi et al., 1994; Ni 

et al., 1994; Atanassova et al., 1995), poplar (Van Doorsselaere et al., 1995; Tsai et al., 

1998; Jouanin et al., 2000) and alfalfa (Guo et al 2001). In all three species, drastic 

reductions in the lignin S/G ratio were apparent and an unusual phenolic compound 5-

hydroxyconiferyl alcohol (5OHG) was present in the polymer (Atanassova et al., 1995; 

Van Doorsselaere et al., 1995; Tsai et al., 1998; Lapierre et al., 1999; Jouanin et al., 

2000; Guo et al., 2001; Marita et al., 2003).

In the lignin of the transgenic poplars described by Jouanin et al. (2000), the level of 

5OHG units even exceeded that of S units. In COMT suppressed alfalfa, β-β, β-1, and β-5 

linkages involving S units, were absent (Guo et al., 2001), whereas in COMT-down-

regulated poplar, free phenolic groups in β-O-4-linked G units were less abundant 

(Lapierre et al., 1999). In COMT-suppressed poplar, reduced lignin content has been 

reported (Jouanin et al., 2000) as well as no change in lignin amount in poplar (Van 

Doorsselaere et al., 1995) and aspen (Tsai et al., 1998). Reports describing COMT-

suppression in tobacco also differ on whether lignin content is (Ni et al., 1994) or is not 

(Dwivedi et al., 1994; Atanassova et al., 1995) reduced. Despite these discrepancies, the 

data from all of the COMT-suppressed tobacco and poplar plants indicate that COMT 

plays a predominant role in determining the incorporation of S units into the lignin 

polymer. In alfalfa, a reduction in COMT activity affected both the content of G and S 

units (Guo et al., 2001; Marita et al., 2003). In accordance with these results, Parvathi et 

al. (2001) found that in alfalfa COMT is also involved in the methylation of caffeoyl 
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aldehyde. Down regulation of CCoAOMT affected the Klason lignin content by 12–50% 

in transgenic tobacco (Zhong et al., 1998; Pincon et al., 2001a), alfalfa (Guo et al., 2001; 

Marita et al., 2003) and poplar (Meyermans et al., 2000; Zhong et al., 2000). In tobacco 

and poplar, the decreased lignin content was due to reduction of both G and S units as 

determined by pyrolysis GC-MS (Zhong et al., 1998, 2000) or thioacidolysis 

(Meyermans et al., 2000). Because, the decrease in G units was more pronounced, the 

S/G ratio increased (Zhong et al., 1998; Meyermans et al., 2000). In contrast, the S unit 

amount was not reduced in transgenic alfalfa (Guo et al., 2001) nor transgenic tobacco 

(Pincon et al., 2001a). In contrast to the transgenic poplars, which were not affected in 

growth or morphology, the transgenic tobacco plants down-regulated for CCoAOMT had 

collapsed vessel walls (probably because of the reduced lignin content) and altered 

growth and flower development (Pincon et al., 2001a).  Simultaneous down-regulation of 

both COMT and CCoAOMT in tobacco (Zhong et al., 1998; Pincon et al., 2001a) and 

alfalfa (Guo et al., 2001) resulted in combinatorial and/or additive effects. There was a 

greater reduction in Klasone lignin content in tobacco (Pincon et al., 2001a) but not in 

alfalfa (Guo et al., 2001). In both species, the lignin S/G ratio was reduced although in 

tobacco this was due to decreases in both G and S units (Zhong et al., 1998), whereas 

only S units decreased in alfalfa (Guo et al., 2001).

Cinnamoyl coenzyme A reductase (CCR) 

The reduction of cinnamoyl CoA esters to cinnamaldehydes is the first metabolic step 

committed to monolignol formation. This step is catalyzed by CCR. Many studies of 

CCR activity indicated that five cinnamoyl-CoA esters viz. p-coumaroyl-CoA, caffeoyl-

CoA, feruloyl-CoA, 5-hydroxyferuloyl-CoA and sinapoyl-CoA, could be used as 

substrate (Wengenmayer et al., 1976; Luderitz and Grisebach, 1981; Sarni et al., 1984; 

Goffner et al., 1994). The CCR enzyme purified from Eucalyptus xylem tissue was active 

toward pcoumaroyl-CoA, feruloyl-CoA, caffeoyl-CoA and sinapoyl-CoA with 

approximately equal affinity (Goffner et al., 1994). Similar to the native protein, the 

recombinant Eucalyptus CCR protein was also demonstrated to be active with the 

substrates p-coumaroyl-CoA, feruloyl-CoA and sinapoyl-CoA (Lacombe et al., 1997). 

Recently, the characterization of aspen CCR recombinant protein indicated that CCR 

selectively catalyzed the reduction of feruloyl-CoA from the five cinnamoyl CoA esters 
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(Li et al., 2005). When CCR and CCoAOMT were coupled together, the linked reactions 

constitute the pathways from caffeoyl-CoA ester to coniferaldehyde (Fig. 5). In addition, 

the results also suggested that the neighboring CCoAOMT and CCR enzymes require 

different pH environments and compartmentalization in vivo. 

The CCR genes in various species appear as a multiple members family. In the Populus 

genome, there exist 8 CCR-homolog or CCR-like gene sequences. Transgenic tobacco 

(Piquemal et al., 1998; Ralph et al., 1998; O’Connell et al., 2002) and Arabidopsis 

(Goujon et al., 2003b) down-regulated for CCR, are characterized by an approximate 

50% decrease in Klason lignin. The lignin S/G ratio was increased (mainly because of a 

decrease in the G unit amount) in transgenic tobacco and variable, depending on the 

growth conditions, in transgenic Arabidopsis. A change in the lignin structure was also 

indicated by the higher amount of alkali-labile material that could be released from the 

extractive-free lignin polymer of the transgenic lines (O’Connell et al., 2002). The 

transgenic plants with the lowest CCR activity and 50% reduced lignin had abnormal 

phenotypes, such as collapsed vessels, stunted growth, and abnormal leaf development. 

Important alterations in the fiber cell walls were observed, such as a loosening in the 

arrangement of the cellulose microfibrils, which resulted in reduced cell wall cohesion 

(Pincon et al., 2001b; Goujon et al., 2003b). Also an increased amount of tyramine 

ferulate (Figure 5), an unsual component of tobacco cell walls that is probably a sink for 

feruloyl-CoA, was incorporated into the lignin of the CCR-down-regulated tobacco 

plants (Ralph et al., 1998). A CCR mutant, designated irregular xylem (irx4), has been 

identified in Arabidopsis (Jones et al., 2001). Like the CCRdown-regulated tobacco and 

Arabidopsis described above, this mutant is characterized by a 50% reduced lignin 

content, collapse of the vessels, and an altered growth and morphology. By crossing 

transgenic tobacco down-regulated for COMT (Atanassova et al., 1995) with tobacco 

down-regulated for CCR (Piquemal et al., 1998), a simultaneous reduction in COMT and 

CCR expression was achieved (Pincon et al., 2001b).   

Ferulate 5-hydroxylase/ Coniferaldehyde 5-hydroxylase (F5H/CAld5H) 

A necessary step to biosynthesize S monolignols is hydroxylation at the 5-position on the 

aromatic ring of cinnamic intermediates. This reaction was thought to occur using ferulic 
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acid as the substrate and catalyzed by F5H, which is encoded by a P450 protein gene 

belonging to CYP84 family. Although forward genetics evidence demonstrated that F5H 

gene is essential for S-lignin formation in Arabidopsis (Meyer et al., 1996), it was unable 

to identify the intermediate on which the 5-hydroxylation biochemically occurs. 

Homologous genes have been cloned from a number of tree species. The biochemical 

function of this P450 gene was first demonstrated by expressing a sweetgum CYP84 gene 

in yeast (Osakabe et al., 1999). The biochemical data suggest that the CYP84 protein 

catalyzes 5-hydroxylation using coniferaldehyde, instead of the postulated ferulic acid, as 

a substrate to produce 5-hydroxyconiferaldehyde. Thus, F5H is actually a CAld5H. The 

5-hydroxylation of coniferaldehyde was further confirmed with an Arabidopsis CYP84 

recombinant protein (Humphreys et al., 1999). According to the biochemical function of 

this CYP84 gene, it was suggested that the S-monolignol biosynthesis pathway is 

branched out from a guaicyl intermediate at coniferaldehyde. Consistent with this view, 

5-hydroxyconiferaldehyde is then methylated by COMT or AldOMT as described above. 

The genetic function of CYP84 is also demonstrated through a reverse genetics approach 

by over expression of the gene, which leads to the intensified S units in lignin (Franke et 

al., 2000; Li et al., 2003). Because the lignin with higher percentages of S-unit has a 

potentially significant value in the pulping economy (Chang and Sarkanen, 1973), over 

expression of CAld5H gene in trees has great potential to produce desirable wood 

material for fiber production.  An Arabidopsis mutant deficient in F5H ( fah1) has been 

described and it produced lignin deficient in S units (Chapple et al., 1992) with a 

consequently increased frequency of phenylcoumaran (β-5) and biphenyl (5-5) linkages 

(Marita et al., 1999). When Arabidopsis F5H was overexpressed from the C4H promoter 

in the mutant, a lignin almost entirely composed of S units linked by β-O-4 linkages was 

produced (Meyer et al., 1998; Marita et al., 1999). The proportion of S units in the lignin 

of these plants was the highest ever reported for any plant (Ralph, 1996). Similarly, lignin 

of tobacco and poplar transformed with the same chimeric gene was enriched in S units 

(Franke et al., 2000). Li et al. (2003) overexpressed a sweetgum F5H (Cald5H) under the 

control of a xylem-specific promoter (Pt4CL1P) in transgenic aspen and reported a 2.5-

fold increase in the S/G ratio and no changes in lignin content. An accelerated 

maturation/lignification of stem secondary xylem cells was noted in these F5H over 
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expressing plants (Li et al., 2003). A 25–35% reduction in Klasone lignin content was 

observed in F5H-overexpressing Arabidopsis (Marita et al., 1999) and tobacco (Franke et 

al., 2000).  

Cinnamyl alcohol dehydrogenase (CAD) and Sinapyl alcohol dehydrogenase (SAD) 

In gymnosperm wood, coniferyl alcohol is the major monolignol unit while both 

coniferyl alcohol and sinapyl alcohol are monolignols in angiosperm wood. The last 

metabolic step forming these monolignols is reduction of coniferaldehyde and 

sinapaldehyde. CAD is suggested to catalyze multiple cinnamyl alcohol formations from 

their corresponding cinnamaldehydes (Lewis and Yamamoto, 1990; Whetten and 

Sederoff, 1995; Whetten et al., 1998). In loblolly pine, CAD is a single copy gene and its 

mutation leads to abnormal lignin formation in wood (MacKay et al., 1997; Lapierre et 

al., 2000). When the Populus tree was studied for monolignol biosynthesis in wood-

forming tissue, in addition to CAD, it was found in aspen that another gene, its sequence 

similar to but distinct from CAD, is also associated with lignin biosynthesis (Li et al., 

2001). The biochemical characterization of the recombinant protein encoded by this gene 

indicated that the enzymatic activity has specific affinity toward sinapaldehyde, therefore 

it was named SAD. Compared with SAD enzyme kinetics, CAD showed a catalytic 

specificity towards coniferaldehyde instead. The catalytic specificities of the two 

enzymes have recently been further verified in protein structure analysis (Bomati and 

Noel, 2005). 

Furthermore, it was demonstrated that the expression of CAD is associated with G-lignin 

accumulation while SAD was associated with S-lignin formation during xylem 

differentiation (Li et al., 2001). The evidence from molecular, biochemical and cellular 

characterizations strongly suggest that CAD is involved in G-monolignol biosynthesis 

and SAD in S-monolignol biosynthesis in aspen wood formation. However, a recent 

genetic study using an Arabidopsis model system suggests a broad CAD function for 

both G-and S-lignin biosynthesis in the herbaceous species (Sibout et al., 2005). 

Nevertheless, more evidence connecting the biochemical function to its genetic role may 

be required in order to completely understand how CAD and SAD genes play a role in 

monolignol biosynthesis during wood formation.  Transgenic plants with reduced CAD 
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activity have been produced in tobacco (Halpin et al., 1994; Hibino et al., 1995; Stewart 

et al., 1997; Yahiaoui et al., 1998), poplar (Baucher et al., 1996) and alfalfa (Baucher et 

al., 1999), whereas CAD mutants exist in pine (MacKay et al., 1997), maize (Halpin et 

al., 1998) and Arabidopsis (Sibout et al., 2003). An unusual monomer, dihydroconiferyl 

alcohol, was shown to be incorporated into the lignin of the pine CAD mutant and 

accounted for 30% of the lignin compared to only 3% in wild-type lignin (Ralph et al., 

1997). Accordingly, higher amounts of arylpropane-1,3-diol structures, arising from 

dihydroconiferyl alcohol, have been found in the lignin of the pine CAD mutant (Ralph et 

al., 1999b, 2001a). In contrast, no dihydroconiferyl alcohol has been found in the lignin 

of transgenic angiosperms down-regulated for CAD, such as tobacco and poplar (Ralph et 

al., 1998). A higher amount of cinnamaldehydes has been detected in the lignin of CAD-

down-regulated tobacco (Halpin et al., 1994: Ralph et al., 1999a, 2001a), poplars (Kim et 

al., 2002), pine CAD mutant (Ralph et al., 1997) and in the Arabidopsis Atcad-D mutant 

(Sibout et al., 2003). However, only a slighty lower Klasone lignin content was measured 

in the wood of transgenic poplar lines downregulated for CAD (Lapierre et al., 1999; 

Pilate et al., 2002), in the pine CAD mutant (MacKay et al., 1997) and in the Arabidopsis 

Atcad-D mutant (Sibout et al., 2003). The lignin of plants with low CAD activity was 

more extractable in alkali (Halpin et al., 1994; Baucher et al., 1996; Bernard-Vailh´e et 

al., 1996; Yahiaoui et al., 1998; MacKay et al., 1999).  The S/G ratio of the lignin of 

transgenic tobacco (Ralph et al., 1998) and transgenic alfalfa (Baucher et al., 1999) was 

reduced, suggesting that in these plants the uncondensed S structures are more affected 

than their G analogs. These data are in apparent conflict with the recent proposal that 

SAD, and not CAD, is involved in S lignin biosynthesis in angiosperms (Li et al., 2001). 

A simultaneous down-regulation of CAD and CCR has been achieved by crossing 

homozygous transgenic lines in which either CAD (Halpin et al., 1994) or CCR 

(Piquemal et al., 1998) was downregulated (Chabannes et al., 2001b). The lignin content 

was decreased by approximately 50% in tobacco with 32% of wild-type CCR activity and 

12% of wild-type CAD activity. The phenotype of the double transformants was normal 

with only slight alterations in the vessel shape, showing that, similarly to the results of 

Zhong et al. (1998) and Hu et al. (1999), plants can also tolerate important reductions in 

lignin content. A simultaneous suppression of COMT (to 24% of wild-type level), CCR 
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(to18%of wild-type evel), and CAD (to 4% of wild-type level) was achieved in tobacco 

by a single chimeric construct, consisting of partial sense sequences for the three different 

genes. The transgenic lines were stunted and had characteristics of COMT, CCR, and 

CAD suppression in lignin; for example, the xylem was red (indicative of CAD 

suppression), contained collapsed vessels (indicative of CCR suppression), and had 

reduced staining for S lignin (indicative of COMT suppression) (Abbott et al., 2002). In 

analysis of functional genes involved in monolignol biosynthesis of angiosperm, three 

genes, CAld5H, AldOMT and SAD, control a line of consecutive metabolic steps and 

constitute a pathway toward S-monolignol biosynthesis. These three genes have not been 

known to be present in gymnosperm species that do not synthesize S-lignin. 

Gymnosperm wood is primarily comprised of tracheid elements, but angiosperm wood 

contains two types of thickened secondary wall cells, vessel element and fiber cells. 

Apparently the fiber cell is evolved along with occurrence of angiosperm species. It is 

known that G-monolignol units are dominant in tracheids and vessels and S units 

predominate fiber cells. It can be postulated that monolignol biosynthesis pathway 

evolution may be correlated with cell type specification in the course of plant evolution; 

however, this hypothesis remains to be verified. It is believed that lignin is polymerized 

at the outside of the plasma membrane in secondary cell walls. Thus, monolignols that 

are synthesized inside plasma membrane need to be transported across plasma 

membranes for polymerization.

1.4.3 Storage and transport of the monolignols into the apoplast

After their synthesis, the monolignols are either stored, putatively in the vacuole, as more 

hydrophilic and less toxic conjugates, or transported into apoplast (Boerjan et al., 2003). 

Accumulation of monolignol 4-O-glucosides (p-coumaryl alcohol glucoside, coniferin 

and syringin) have been observed in the cambial sap of conifers and some woody 

angiosperms during cambial activation (Freudenberg and Harkin, 1963; Terazawa et al., 

1984). Radio tracer experiments have shown that glucoside-derived monolignols can be 

incorporated into lignin, though unexpectedly partly through conversion into aldehyde 

first (Terashima et al., 1988; Tsuji and Fukushima, 2004). Savidge et al., (1998) 

speculated that glucoside conjugation could prevent a premature lignification during early 

secondary cell wall development. A role for coniferin as a quickly metabolisable 
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precursor for defence-related phenolics was also suggested (Bednarek et al., 2005). A 

UDP-glucose: coniferyl alcohol glucosyltransferase activity has been identified from the 

cambial sap of Norway spruce and pine (Schmid and Grisebach, 1982; Savidge and 

Forster, 1998). The spruce enzyme preferred coniferyl alcohol, while pine enzyme 

catalysed the conjugation of both coniferyl alcohol and sinapyl alcohol equally well.

The accumulation of monolignol glucosides could be a tree-specific phenomenon, as 

reports from herbaceous species are rare. However, three homologous 

glucosyltransferases that were able to glucosylate both CA and SA, Na the corresponding 

aldehydes and acids in vitro, have been identified in Arabidopsis (Lim et al., 2001 and 

2005). For polymerization into lignin, transport of the monolignols into the apoplast is 

needed. The transport form, whether glucoside or aglucone, is unknown. However, the 

identification and cell wall localization of a coniferin- hydrolyzing β-glucosidase in, 

spruce and pine argues for the glucoside transport (Marcinowski and Grisebach, 1978; 

Dharmawardhana et al., 1995 and 1999; Samuels et al., 2002). Two β-glucosidases that 

hydrolyse monolignol glucosides have also been identified from Arabidopsis (Escamilla-

Trevino et al., 2006). Of these, BGLU45 was specific for coniferin and syringing, while 

BGLU46 had higher activity towards p-coumaryl alcohol glucoside, and hydrolysed other 

phenolic glucosides as well (Escamilla-Trevino et al., 2006). Their expression pattern 

coincided with lignifying tissues, supporting a role in lignification. The reported Km

values of β -glucosidases for monolignol glucosides vary from 0.18 to 7 mM 

(Marcinowski and Grisebach, 1978; Dharmawardhana et al., 1995; Escamilla-Trevino et 

al., 2006). The high values suggest that the biological relevance of β-glucosidases might 

be low; however, if the 10 mM concentrations reported for coniferin in pine cambial sap 

are generally found, the high Km values would not be a problem.

Three transport mechanisms have been suggested for monolignol. Firstly, monolignol 

aglucones could diffuse freely through the membranes (Boija and Johansson, 2006), 

provided that free monolignols do not reach toxic concentrations. Another possibility is 

the ATP-binding cassette (ABC) transporters that carry small-molecular-weight 

compounds across membranes (Yazaki, 2006). Several ABC transporters were 

coregulated with lignin biosynthetic genes during the development of Arabidopsis

inflorescence stem (Ehlting et al., 2005). Also vesicular secretion has been suggested as a 



                                                                                                                  Chapter 1 Introduction

Abhilash. O.U                                            Ph.D Thesis 2009 University of Pune     29

means for transport. Supporting this, radioactive label derived from phenylalanine and 

cinnamate was localized to Golgi-associated vesicles in wheat coleoptiles and 

Cryptomeria japonica (L.f) D. Don (Pickett-Heaps, 1968; Takabe et al., 1985). In 

developing contorta pine (Pinus contorta Dougl.) tracheids, dark-stained, putatively 

phenolic vesicles appeared on the trans-Golgi network during secondary cell wall 

synthesis and early lignification (Samuels et al., 2002). As no hemicellulose was 

localized to the vesicles, they were proposed to be involved in monolignol (glucoside) 

secretion. Accordingly to this model, a controlled vesicular secretion of glucosides and 

the consecutive deglucosylation in the cell wall would provide precursors for lignification 

during cell wall synthesis, whereas the vacuolar rupture during the programmed cell 

death would release the stored monolignol glucosides from the vacuole for the final stage 

of lignification (Samuels et al., 2002).

1.4.4 Polymerization of monolignols

After transport of the monolignols to the cell wall, lignin is formed through 

dehydrogenative polymerization of the monolignols (Christesen et al., 2000). The 

dehydrogenation to monolignol radicals has been attributed to different classes of 

proteins, such as peroxidases, laccases, polyphenol oxidases, and coniferyl alcohol 

oxidase. Lignin is a hydrophobic and optically inactive polymer, which is highly complex 

and heterogeneous in nature. Lignin polymerization is a radical coupling reaction, where 

the monolignols are first activated into phenoxy radicals in an enzyme catalysed 

dehydrogenation reaction. The radicals couple to form dimmers, oligomers and 

eventually the lignin polymer (Freudenberg, 1968). The radicals are stabilized through 

resonance structures, which also allow the radical to form a covalent bond with another 

radical on several locations on the monolignol to form different lignin substructures (Fig. 

6). For the polymer to grow, radicals must also be formed on larger molecules, such as 

monolignol oligomers or polymeric lignin. The reaction is a stepwise addition of 

monolignols onto the growing polymer, so called ‘end-wise polymerization’ (Sarkanen, 

1971). Several possibilities for radical generation on polymeric lignin have been 

suggested. First, a monolignol radical could withdraw an electron from the polymer, 

returning to the ground sate for re-oxidation. This was shown to take place between 

monolignols (Takahama, 1995), and it requires that the monolignol radical has a higher 
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redox potential than the electron donating lignin substructure. Secondly, a shuttle 

mechanism involving Mn2+/Mn3+ ions could be involved in radical transfer was shown by 

Onnerud et al ., 2002. A poplar peroxidase that oxidises polymeric lignin (Sasaki et al., 

2004) suggests that a direct enzymatic oxidation may be the predominant mechanism for 

the generation of radicals on the lignin polymer.

Fig. 6: The resonance structures of a coniferyl alcohol radical

Lignin polymerization at molecular level is a matter of controversy. The simplest model 

states that the polymerization is a chemical coupling reaction guided by the redox 

potentials of the radicals and by the chemical environment like, pH and monolignol 

concentration (Ralph et al., 2004). The opposite view emphasizes a strict 

biochemical/enzymatic control through dirigent like proteins and a template guided 

polymerization (Guan et al., 1997; Gang et al., 1999).

Dirigent-like proteins and template polymerization

The new theory arose from the discovery of a class of dirigent proteins implicated in 

lignan biosynthesis (Davin et al., 1997). Dirigent genes have been found by homology in 

both gymnosperms and angiosperms and they were expressed in the cambial region and 

the ray parenchyma cells in Forsythia (Burlat et al., 2001). The first such dirigent protein 

discovered, guided the dimerization of coniferyl alcohol radicals to produce an optically 

active lignan, pinoresinol. The corresponding gene was cloned and shown to encode a 

cell wall localized protein. The finding was extrapolated to lignification, suggesting that 

such proteins would logically be responsible for specifying the exact structure of the 

lignin polymer, bringing lignins in line with proteins and polysaccharides that are more 

carefully biosynthesized (Devin and Lewis, 2000; Lewis, 1999). In mature xylem, dirigent 

like proteins were immunolocalized to the middle lamella and the S1 layer of the secondary 
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cell wall (Burlat et al., 2001). Dirigent family genes were expressed at a low level in the 

xylem of western red cedar (Thuja plicata D. Don) and Sitka spruce (Picea sitchensis (Bong.) 

Carr.) (Kim et al., 2002; Ralph et al., 2006a). In Sitka spruce shoot, higher expression was 

found in the shoot tip than in the woody shoot base and only two dirigent gene had a 

secondary xylem preferred expression pattern (Friedmann et al., 2007). The expression of 

most dirigent-like genes was induced after insect feeding in Sitka spruce bark and xylem, 

suggesting a preferential role in defence (Ralph et al., 2006a). The dirigent proteins are 

different from lignan forming proteins and to act as monolignol binding sites in the initial 

phase of lignification to guide the formation of the primary structures of lignin (Gang et al., 

1999). These primary structures would then be replicated through template polymerization, in 

which the preformed chain is used as the template (Guan et al., 1997; Chen and Sarkanen, 

2003). However, no repeating structures have been found in lignin, casting doubt on the 

template polymerization theory (Ralph et al., 2004). 

Initiation sites for lignin polymerization

Lignin is first deposited in the middle lamella and the cell corners of the primary wall after 

the formation of the secondary wall has started. Some factor controls the site of initial lignin 

polymerization and prevents monolignols from being polymerized next to the plasma 

membrane directly after the transport into the cell wall. The nature of these nucleation sites is 

unknown. Ferulates, conjugated to polysaccharides, and their dehydrodimers are well 

established. Evidence, that ferulates and diferulates may act as attachment sites for 

monolignols, has been shown (Ralph et al., 1995). Given that the middle lamella and the cell 

corners are rich in Ca
2+ 

pectate (Carpita and Gibeut, 1993) and are the first sites to be 

lignified, Ca
2+ 

pectate-bound peroxidases may conceivably play a role in the spatial control of 

lignin deposition, and changes in Ca
2+ 

and H
+ 

concentrations may modulate the location of 

these peroxidases (Carpin et al., 2001). The negatively charged pectins are also good binding 

sites for polyamines (Carpin et al., 2001) and, hence, may be suitable sites for H2O2

generation by polyamine oxidases (Moller and McPherson, 1998). Pectin-binding 

peroxidases and polyamine oxidases may act locally in the early stages of lignin deposition 

both for H2O2 generation and oxidation of monolignols, cinnamic acids bound to 

polysaccharides or polyamines, or aromatic residues on certain proteins, such as glycine-rich 

proteins (Keller et al., 1989). The correct placement of the initiation sites in the cell wall was 
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suggested to be regulated through the vesicular secretion of pectin and other hemicelluloses 

and potentially associated initiation factors (Samuels et al., 2002). 

Enzymes for the formation of monolignol radicals

Oxidative enzymes catalyse the activation of the monolignols into radicals. Several 

enzymes are being proposed, including peroxidases (Harkin and Obst, 1973), laccases 

(Sterjiades et al., 1992), other phenol oxidases (Savidge and Udagama-Randeniya, 1992) 

and even cytochrome c oxidase (Koblitz and Koblitz, 1964). Most of these enzymes exist 

as numerous isoenzymes and generally have broad substrate specificity. Due to this, high 

affinity to the monolignols or mere temporal and spatial correlation with lignification can 

only be considered as suggestive for a role in lignin polymerization. Conclusive evidence 

is only obtained from transgenic plants in which the enzymatic activity has been down-

regulated and which show changes in lignin quantity and quality.

1.5 Peroxidases as candidate gene

The plant peroxidase super family contains three classes of peroxidases from plants, 

fungi and bacteria (Welinder, 1991). The Class I of the super family contains bacterial 

peroxidases, the yeast cytochrome c peroxidases and intracellular plant ascorbate 

peroxidases. Class II consists of fungal peroxidases and Class III consists of plant 

secretory peroxidases. This Class III comprises all the plant peroxidases that are targeted 

to the endoplasmic reticulum, either for secretion to the cell wall or transport into the 

vacuole. 

Peroxidases are heme-containing oxidoreductases that use H2O2 as the ultimate electron 

acceptor. The natural electron donor molecules in a peroxidase catalysed reaction vary 

and include, monolignols, hydroxycinnamic acids (Zimmerlin et al., 1994), tyrosine 

residues in extensions (Brownleader et al., 1995) and auxin (Hinman and Lang, 1965). In 

addition to polymerization, peroxidases are also able to produce O2
.- and H2O2 through an 

oxidative cycle (Yokota and Yamazaki, 1965) and even produce hydroxyl radicals 

through a hydroxylic cycle if a suitable reductant is present (Chen and Schopfer, 1999). 

Hence, in a plant, peroxidase have a plethora of functions, including the regulation of the 

balance between cell wall growth and cross linking, lignification, suberisation, 

accumulation of heavy metals, degradation of toxic molecules and production of reactive 
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oxygen species during wounding or pathogen attack. Peroxidases are also involved in 

nodulation, mycorrhization and senescence (Passardi et al., 2005). The genomic 

sequences of Arabidopsis (Arabidopsis Genome Initiative, 2000) and rice (International 

Rice Genome Sequencing Project, 2005) contained 73 and 138 peroxidase genes, 

respectively (Tognolli et al., 2002; Welinder et al., 2002; Passardi et al., 2004). 

However, some genes were actively transcribed and 0.85% of all Arabidopsis ESTs 

encoded for Class III peroxidases (Welinder et al., 2002). A majority of peroxidases were 

expressed in roots and several responded to various biotic and abiotic stimuli (Hiraga et 

al., 2000; Welinder et al., 2002).  Welinder et al., 2002 reported that even highly similar 

(>70%) peroxidase genes were differentially expressed, indicating subfunctionalisation 

after gene duplication. The amino acid sequences of Class III peroxidases vary, but the 

size and the general structure is conserved. The classic fold contains several α-helices 

with two Ca2+ ions and a non-covalently bound heme that is mostly buried inside the 

protein (Schuller et al., 1996, Gajhede et al., 1997). Based on their isoelectric points 

(pIs), peroxidases can be divided into acidic, neutral and basic isoforms, but no 

correlation of the function with the pI of peroxidases has been observed. Isoenzymes are 

glycosylated to varying degree through asparagines residues, which increases the 

heterogeneity of peroxidases at the protein level (Veitch, 2004). 

Some peroxidases contain a C-terminal extension that is thought to direct the protein into 

vacuole (Welinder et al., 2002). The catalytic cycle involves the reduction of H2O2 to 

water by the electrons from reducing substrates, like monolignols, which are oxidised to 

radicals (R.) (H2O2 + 2RH      2R. + 2H2O). The active site of peroxidases contains three 

amino acid residues important for the catalytic mechanism. The distal His42 (according 

to horseradish peroxidase C1 (HRP C1)) Arg38 and Pro139, are involved in hydrogen 

bonding and proton transfers that are prerequisites for electron transfers and O-O 

cleavage (Henriksen et al., 1999). In addition, several hydrophobic residues are important 

in creating an aromatic binding pocket for the reducing substrate (Henriksen et al., 1998; 

Ostergaard et al., 2000). The binding pocket in most peroxidase is, however, large 

enough to accommodate a variety of reducing substrates, resulting in generally low 

substrate specificity. This, together with the putative redundancy caused by large number 

of peroxidase isoenzymes has made it difficult to relate given isoenzymes with specific 
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physiological processes. Several reports on peroxidase activity or gene expression in 

lignin-forming tissues have appeared, but only a few isoenzymes or genes have been 

specifically associated with lignification (Sato et al., 1993; Quiroga et al., 2000; 

Christensen et al., 2001; Marjamaa et al., 2006). Although several reports on the 

transcriptional regulation of monolignol biosynthesis exist, not much is known for 

peroxidases. The promoter of the HRP C2 gene, was shown to contain an AC element 

that is found in many monolignol biosynthetic genes (Raes et al., 2003). The promoter 

was activated by NtLIM1, an AC element binding transcription factor from tobacco, 

which was required for both basal and wound-induced expression of the C2 peroxidase 

(Kaothein et al., 2002). It is likely that the control of the whole lignification process 

requires a mechanism for the coordinated expression and/or activation of the monolignol 

biosynthetic genes/enzymes and the radical-forming peroxidases. Data from transgenic 

plants down-regulated for peroxidase activity has confirmed the role of some peroxidase 

isoforms in lignin polymerization (Talas-Ogras et al., 2001; Blee et al., 2003; Li et al., 

2003b).

Quantitative (up to 50%) and qualitative changes were reported in transgenic plants, but 

no obvious growth phenotypes, other than larger xylem elements, were found. Antisense 

expression of the TP60 peroxidase gene in tobacco resulted in an equal reduction of both 

G and S units, suggesting the existence of a feedback regulation to decrease the 

monolignol synthesis and transportation under reduced oxidative capacity in the apoplast 

(Blee et al., 2003). But, no metabolite analysis other than phloroglucinol staining was 

performed to confirm that the monolignols or their derivatives did not accumulate in 

xylem. In aspen, down regulation of PRXA3a gene reduced the lignin content by 20%. 

Incorporation of G units into lignin decreased while S units remained at the wild type 

level (Li et al., 2003b). Peroxidases from Populus alba (L.) and Z. elegans were shown to 

oxidise SA efficiently (Sasaki et al., 2004; Gabaldon et al., 2005). The Populus

peroxidase, CWPO-C was immunolocalized into the middle lamella and cell corners of 

poplar xylem fibre walls, coinciding partly with the S type lignin (Sasaki et al., 2006). 

Interestingly, CWPO-C was also found in the cytosol of ray parenchyma cells, suggesting 

that ray parenchyma could provide the fibre middle lamella with CWPO-C (Sasaki et al., 

2006).
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Both anionic and cationic peroxidases have been implicated in lignification based on their 

affinity for coniferyl alcohol, their location in the cell wall and their expression in 

lignified tissue (M”ader and F¨ussl, 1982; Lagrimini et al., 1987; El Mansouri et al., 

1999). Nevertheless, no change in lignin content was obvious in transgenic tobacco plants 

that were deficient in the major anionic peroxidase (Lagrimini et al., 1997a). However, 

transgenic poplar with a 44% reduction in the activity of a stem-specific anionic 

peroxidase (PRXA3a) had a 21% reduced lignin content and a higher content in β-O-4 

linked (uncondensed) structures in lignin (Yahong et al., 2001). The over expression of 

peroxidase genes in transgenic poplar (PXP 3-4; Christensen et al., 2001a, 2001b) and in 

tobacco (spi 2; Elfstrand et al., 2002) resulted in 800-fold and 5-fold increased total 

peroxidase activity, respectively. Only 50% reductions at best in lignin amount have been 

accomplished, argues for redundancy in peroxidase activities. It is likely that in vivo

several isoenzymes participate in lignin polymerization. Division of labour between the 

isoenzymes could also exist, both spatially between different cell wall layers and 

functionally. Polymeric lignin rarely fits into the active site of a peroxidase; however, 

CWPO-C was also able to oxidise polymeric lignin (Sasaki et al., 2004). 

H2O2  producing enzymes

Peroxidases require H2O2 as the ultimate electron acceptor and H2O2 synthesis may be the 

rate limiting factor for lignin polymerization (Nose et al., 1995; Gabaldon et al., 2006). It 

has been suggested that, in addition to the lignifying cells themselves, the non lignifying 

xylem parenchyma cells could also generate H2O2 for their lignifying neighbours (Ros 

Barcelo, 2005). This could be relevant especially during the later stages of xylem 

lignification. Several mechanisms and enzymes for H2O2 production has been suggested, 

such as diamine and polyamine oxidases, plasma membrane NADPH oxidase, germin-

like oxalate oxidase and even peroxidases themselves. However, only indirect evidence 

for the role of any of the enzymes in lignification exists, based mainly on co-localization. 

Copper-containing diamine oxidases and flavin-containing polyamine oxidases are 

mainly extracellular enzymes that catalyse the catabolism of putrescine, spermidine and 

spermine, producing H2O2 in the process (Cona et al., 2006). Expression of diamine 

oxidase genes correlated with lignification and peroxidase expression in Arabidopsis
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seedlings (Moller and McPherson, 1998) and polyamine oxidase activity coincided with 

peroxidase activity in lignifying tissues in chick pea (Cicer arietinum L.) epicotyls and 

maize mesocotyls (Angelini and Federico, 1989). Germin-like oxalate oxidases can also 

generate H2O2 within the cell wall using oxalate and O2 as substrates (Lane et al., 1993). 

Deposition of lignin-like material also correlated with increased oxalate oxidase and 

peroxidase activities in aluminium stressed wheat seedlings (Hossain et al., 2005) and 

three germin-like genes had similar expression patterns with the monolignol biosynthetic 

genes during Arabidopsis inflorescence stem development (Ehlting et al., 2005). H2O2

can also be produced through plasma membrane NADPH oxidase (Lamb and Dixon, 

1997). Several NADPH oxidase-like genes appeared coregulated with the monolignol 

biosynthetic genes in Arabidopsis, further supporting their role in lignification (Ehlting et 

al., 2005). Apoplastic peroxidases can also generate O2
.- from a reaction that uses, 

NADH as a reductant instead of monolignols (Halliwell, 1978; Mader and Amberg-

Fisher, 1982). Other possible reductants for the peroxidase mediated O2
.- production 

include cysteine and indole-3-acetic acid (Ferrer et al., 1990; Bolwell, 1996).

Apparently, regulation of the H2O2 concentration in the cell wall is complex process. 

Several enzyme systems exist for H2O2 generation and its ultilisation. But a tight 

regulation is needed to allow for the controlled expansion of the cells and to restrict 

lignification only to the cells destined to lignify, while maintaining the ability for massive 

production of reactive oxygen species during stress or pathogen attack.

Laccases

Laccases belong to a family of multi-copper oxidases and they are copper-containing, cell 

wall–localized glycoproteins that are encoded by multigene families in plants (Hoegger et 

al., 2006). In contrast to peroxidases, laccases consume O2 instead of H2O2 to oxidize the 

monolignols. Laccases of a variety of species are expressed in lignifying cells (Bao et 

al., 1993; Driouich et al., 1992; Ranocha et al., 1999; Sterjiades et al., 1992). Plant 

laccases form monophyletic group within the family (Hoegger et al., 2006). Laccases are 

characterized by a blue colour that results from a specific copper coordination. They 

contain two catalytic centres where altogether four copper ions are found. Laccases 

oxidise most o- and p-phenols and even monophenols into radicals (R
.
), reducing 
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molecular oxygen into water in the process (Ducros et al., 1998).

                                        (4RH + O2             2R. + 2H2O)

Plant laccases are thought to have a multiplicity of functions, such as lignin 

polymerization (Sterjiades et al., 1992), wound healing (McCaig et al., 2005) and even 

iron oxidation (Hoopes and Dean, 2004; McCaig et al., 2005). In plants laccases exist as 

multigene families (Ranocha et al., 1999; Sato et al., 2001). High expression of laccases 

in developing xylem has been observed in many tree species (Sterky et al., 1998; Sato et 

al., 2001). The precise role played by laccases in lignification is not yet understood, but 

there is correlative evidence that laccase and oxygen participate in the polymerization of 

monolignols. For instance, when peroxidase is inhibited either in the absence of H2O2 or 

in the presence of H2O2 scavengers (catalase and superoxide dismutase), coniferyl 

alcohol is still oxidized and O2 consumed in tobacco xylem (McDougall et al., 1994).

1.6 Leucaena leucocephala
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Leucaena leucocephala plants at different stages. (a) Leucaena leucocephala plant in its bloom, (b) 

Leucaena immature pods and (c) Leucaena plants with mature pods (D) immature seeds and (E) 

mature seeds

Classification of Leucaena leucocephala

Taxonomic name: Leucaena leucocephala (Lam.) De wit

Synonyms: Acacia leucocephala (Lamark) Link 1822, Leucaena glabrata Rose 1897, 

                    Leucaena glauca (L.) Benth. 1842, Mimosa leucocephala Lamark 1783.]

Kingdom Plantae

Super division Tracheobionta

Division Spermatophyta

Sub-division Magnoliophyta

Class Magnoliopsida

Sub-class Rosidae

Order Fabales

Family Fabaceae

Genus Leucaena

Sub-species leucocephala (Benth) Var. Peru and Cunningham and 
ixtahuacana (Hughes)

Common name Lead tree, white popinac
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Leucaena is a native of Central America and has been naturalized pan-tropically. 

Members of the genera are vigorous, drought tolerant, highly palatable, high yielding, 

and rich in protein and grow in a wide range of soils (Jones, 1979; Hughes, 1998). 

However, these attributes are limited by the occurrence of antinutritive factors in the 

fodder, such as tannins and mimosine (Jones, 1979; Hegarty et al., 1964b; Hammond et 

al., 1989 a, b). Leucaena occupies 2 to 5 million hectares of land worldwide (Brewbaker 

and Sorenson, 1990).They are recognized as some of the fastest growing and most useful 

trees in the tropics (NRC, 1984). Leucaena is represented by 22 species. Of these, 6 are 

intraspecific taxa and 2 are widespread spontaneous hybrids. Most of the species are 

diploid 2n=52 or 56. However, 4 species are tetraploid 2n = 4X=104 or 112 (Hughes, 

1998). L. leucocephala is a member of the genus related to the other species within the 

Mimosoideae sub-family, its subspecies and other related genera.

Leucaena leucocephala species growth forms

L. leucocephala has three growth forms that are commonly found in tropics (Hughes, 

1998). The first and common type is a shrubby free shading form known as the Hawaiian 

Leucaena, which is weedy and low yielding. The second growth form is giant type, 

which is a tall tree of about 20 meters, with large leaves, pod and seeds, and almost 

without branches. It is native of Central America and Mexico, and produces twice the 

biomass of the common type. It is suitable for timber, wood product and industrial fuel. 

The last is Peru type, which are a multibranched, semi-erect, medium height (about 10 

meters) and the most productive form. 

Fodder production and feed value of Leucaena leucocephala. 

Leucaena leucocephala produces 6 to 18 tons of forage dry matter per hectare in the wet 

season and 2 to 3 tons of dry matter per hectare in the dry season. All parts of Leucaena 

are edible to livestock (Shelton, 1995). Leucaena leaves contain about 19 to 26 percent 

crude protein. They are rich in source of carotene and vitamins. The provitamin-A in 

Leucaena is among the highest ever recorded in a plant specimen (Jones, 1994). 

Leucaena is rich in calcium and phosphorus, but deficient in sodium and iodine. The in-

vivo digestibility is 50 to 70 percent (Norton and Poppi, 1995). The presence of 

mimosine, a tyrosine analogue, a toxic non-protein amino acid, limits the use of this plant 
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as forage (Allison et al., 1990; Gupta and Atreja, 1999; Tangendjaja and Willis, 1980). It 

is also efficient in nitrogen fixation, at more than 500 kg/ha/year. During the 1970s and 

1980s it was promoted as a "miracle tree" for its multiple uses. It has also been described 

as a "conflict tree" in that it is both promoted for forage production and spreads like a 

weed in some places.

Wood

Leucaena wood has a thin bark, which is about 8% dry matter at the age of 5 years. The 

sapwood is yellow-white, while the heartwood is yellow to reddish brown. Bole wood 

has a specific gravity of 0.54 at the age of 6 to 8 years. This is similar to the density, 

tensile, compression, bending and shear strength of oak, ash, birch and sugar maple. It is 

fine textured and workable. It absorbs preservatives, and can be treated against termites 

(Pottinger and Huges, 1995). Leucaena wood is among the best hardwoods for the paper 

and rayon making. It produces pulp that is high in holocellulose, low in silica, ash, lignin, 

alcoholbenzene soluble and hot water soluble. Pulp yield is 50 to 52%. Its short fibre is 

suitable for rayan production (Pottinger and Hughes, 1995). Wood from giant Leucaena 

has a heating value of 4640 Kcal.kg -1 at the age of 2 to 4 years, and 7000 Kcal.kg -1 at the 

age of 8 years, which is equivalent to 70% of the heating value of fossil fuel. 

1.7 Why Leucaena leucocephala was selected for study 

Paper industry in India mainly uses Bamboos, Eucalyptus sp., Casuarina sp. and 

Leucaena sp. as a source for paper pulp. Selection of the species depends upon 

availability, price and acceptability by any one given industrial unit. In bamboo growing 

countries, like India, the proportionate use of bamboos and hardwood species is in the 

ratio of 15:85. Although all these plant species are of importance to the paper industry, 

Leucaena sp. is exclusively used in India and about 25% of raw material for pulp and 

paper industry comes from this plant. Leucaena sp. is a fast growing multipurpose tree 

adapted to a variety of soils and climatic conditions. 

Paper industry is one of the 35 high priority industries in India and currently growing at a 

rate of 6.3% per annum. The estimated turnover of the industry is Rs. 25,000 Cr. (USD 

5.95 billion) approximately. The per capita consumption of paper in India is 7.2 kg, 

which is far lower than other emerging economies like China (45 ka) and developed 
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economies like US and EU (Eleventh five year plan 2007-2012, Planning Commission, 

Government of India). To meet the increasing demand of high quality wood for paper 

industry, it is essential to provide designer plant species. However, as a safeguard for the 

future no plant should be harvested from areas that may challenge sustainability. It will 

thus be crucial to raise plantations of the plant species with elite materials and or 

genetically modified plants that meet the demands of the pulp and the paper industry in 

economical and sustainable manner. However no study has been done on Lignin 

Biosynthesis gene(s) so far in Leucaena sp. and study of these gene(s) will help in 

understanding the Lignin Biosynthetic Pathway in Leucaena sp. and its manipulation so 

as to meet the needs of pulp and paper industry.

1.8 Rationale of thesis

Lignin is one of the main structural elements of wood, and in angiosperms it is mainly 

composed of G (guaiacyl) and S (syringyl) monomers (Baucher et al., 1998; Boerjan et 

al., 2003). Considerable scientific interest has been focused on the development of trees 

with improved wood quality through modification of the genes involved in lignin 

biosynthesis, it could be important for the improved end use of wood material (Chiang 

2006; Higuchi 2006). In chemical wood pulping, lignin is the main factor hindering the 

effective utilisation of cellulose fibres, from which it needs to be separated by costly and 

pollutant-generating processes (Chiang, 2002; Baucher et al., 2003; Boerjan, 2005). 

Genetic modifications resulting in increased delignification (through a modified lignin 

content and/or chemical composition) could thus be highly beneficial at both the 

economical and environmental scale (Baucher et al., 2003; Boerjan, 2005; Chiang, 2006). 

Lignin biosynthetic, Class III peroxidases (EC 1.11.1.7) are heme-containing 

glycoproteins that are found exclusively in the secretory pathways. These enzymes can 

dehydrogenate cinnamyl alcohols, and many other phenolic substrates, at the expense of 

H2O2; there by playing important role in the final step (Fig. 4) of lignin biosynthesis. So 

far no study has been made regarding the role of peroxidases on lignin biosynthesis in 

Leucaena leucocephala. The present study will give sufficient information regarding the 

role of peroxidase in lignin biosynthetic pathway; also will help in understanding the 

temporal and spatial expression of the peroxidase gene. This valuable information can be 

in turn used for manipulation of lignin content in perennial leguminous tree like 
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Leucaena leucocephala. Being fast growing tree, which is adapted to wide range of soils 

and agro-climatic conditions Leucaena leucocephala forms 25% of the total raw material 

for paper, and pulp industry in India. The outcome of this study that is, genetic 

manipulation of peroxidase to down regulate lignin in Leucaena can benefit 

commercially the paper industries and in turn will be an eco-friendly industrial approach 

since chemicals used in removing lignin can be reduced drastically.



CHAPTER 2   2
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2. Materials and methods   

This chapter includes general laboratory techniques routinely followed in the studies. 

Other important specific methodologies followed are discussed separately in the 

respective chapters.

2.1   Plant material

2.1.1   Leucaena leucocephala

Studies on in vitro plant regeneration were carried out using seeds obtained from field 

grown L. leucocephala cultivar K-636 which is a selection from Hawaii (Bray et al., 

1998). This cultivar produces erect boles suitable for timber production. Seeds of L. 

leucocephala (K-636) were given scarification using conc. H2SO4 for 8-10 min and 

washed extensively with tap water. The scarified seeds were surface sterilized using 1.5% 

(v/v) sodium hypochlorite for 10 min followed by five rinses with sterile distilled water. 

Seeds were soaked overnight in sterile water at 30 ºC on a shaker for imbibing and 

embryos were isolated from imbibed seeds aseptically using a pair of sharp, sterile 

forceps and plated with their shoot apex facing up in the center of a 90 mm diameter Petri 

plate containing regeneration media (½-MS (Murashige and Skoog, 1962) + TDZ (0.5 

mg/L)). The medium was solidified using 0.8% agar and the pH of the medium was 

adjusted to 5.8 prior to autoclaving.

For spatio-temporal studies, the imbibed seeds were transferred to ½-MS basal medium 

supplemented with 2% sucrose and 1.5% glucose. The medium was solidified using 0.8% 

agar and the pH of the medium was adjusted to 5.8 prior to autoclaving. The cultured 

bottles were incubated at 25±2 oC under 16 h photoperiod with a light intensity 24.4 

µmol /m2/s. The day of inoculation was considered as day zero. Root, shoot and leaves 

were harvested from 5, 10, 15 and 20 day old seedlings and used for the experiments.

For genomic DNA isolation, young leaves were harvested and washed thoroughly with 

water, dried and then crushed using liquid nitrogen. For RNA isolation, xylem tissues 

from mature field grown plants were harvested as and when required. Outer bark/phloem 

was removed and carefully isolated xylem scrapping was used in RNA isolation for 

cDNA preparations, RACE and RT PCR.
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2.1.2 Nicotiana tabacum

Tobacco seeds from Nicotiana tabacum var. Anand 119 were germinated on wet sterile 

paper towel. Germinated seeds were transferred to ½ -MS basal medium (Murashige and 

Skoog, 1962) supplemented with 2% sucrose and 1.5% glucose. The medium was 

solidified with 0.8% agar. The pH of the medium was adjusted to 5.8 prior to 

autoclaving. The culture bottles were incubated at 25 2 ºC and 70% relative humidity 

under 16 h photoperiod with a light intensity 24.4 µmol /m2/s. One month old axenic 

cultured pant leaves were the raw material for further experiments.

2.2 Glassware

Glassware used in all the experiments were procured from “Borosil”, India. Test tubes 

(25 mm x 150 mm), glass bottles (70 mm x 125 mm), petridishes (85 mm x 15 mm; 55 

mm x 15 mm), conical flasks (100, 250 & 500 mL; 1, 2 & 5 L capacity) and pipettes (1, 

2, 5, 10 and 25 mL capacity) were used during the course of study.

2.2.1 Preparation of glassware

Glassware used for all the experiments were cleaned by boiling in a saturated solution of 

Sodium bicarbonate for 1 h followed by repeated washing in tap water. Thereafter, it was 

immersed in 30% HNO3 solution for 30 min followed by repeated washing in tap water 

and rinsed with distilled water. Washed glassware were thereafter dried at room 

temperature. Test tubes and flasks were plugged with absorbent cotton (Mamta Surgical 

Cotton Industries Ltd., Rajasthan, India). Autoclaving of the glassware and above items 

was done at 121 ºC and 15 psi for 1 h.

2.3 Plastic ware

Sterile disposable filter sterilization units (0.22 µM) and petridishes (55 mm and 85 mm 

diameter) were procured from “Laxbro”, India. Microfuge tubes (1.5 mL and 2 mL

capacity), microtips (10, 200 and 1000 μL capacity) and PCR tubes (0.2 mL and 0.5 mL

capacity) were obtained from “Tarsons” and “Axygen”, India. 
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2.4 Chemicals

Tris, IPTG, X-gal, SDS, BSA, EDTA, PMSF, PIPES, DTT, PVPP, APS, Imidazole, TES 

buffer, Urea and Ethidium bromide were purchased from Sigma-Aldrich (USA), Bio-

world (USA). Agarose, restriction enzymes, T4 DNA ligase, RNase A and lysozyme 

were obtained from NEB (USA), Promega (USA), Bioenzymes (USA) and Amersham 

(UK). Different kits were purchased from BD CLONETECH (JAPAN). Invitrogen 

(USA), Promega  (USA) and Sigma-Aldrich (USA). Taq DNA polymerase was obtained 

from Sigma-Aldrich (USA) and Bangalore Genei (India). Plasmid vectors, pGEM-T Easy 

Vector and pET30b (+) were purchased from Invitrogen (USA), Promega (USA) and 

Novagen (USA) respectively. Megaprime labeling kit and Hybond-N+ membrane were 

obtained from Amersham (UK). [α- 32P]-dATP and [α- 32P] –dCTP were obtained from 

Bhabha Atomic Research Centre (BARC), India. X-ray films were obtained from Konica 

(Japan) or Kodak (USA). Agarose A (Sigma), Affigel matrices, gold particles were 

purchased from BioRad (USA). All other chemicals and solvents of analytical grade were 

purchased from HiMedia, Qualigens Fine Chemicals and E-Merck Laboratories, India. 

All chemicals used in the tissue culture study were of analytical grade (AR) and were 

obtained from “Qualigens”, “S.D. Fine Chemicals” or “HiMedia”, India. The Sucrose, 

glucose and agar-agar were obtained from “Hi- Media”. Bacto-Agar for microbial work 

was obtained from “DIFCO” laboratories, USA. Substrates for enzyme assays i.e. 

coniferaldehyde, coniferyl alcohol, sinapyl alcohol, ABTS etc. were also obtained from 

Sigma-Aldrich (USA). 

2.5  Equipments:  See appendix, Table 2.1 List of Equipments used.

2.6 Buffers and solutions

2.6.1 Buffers and solutions for DNA electrophoresis: See appendix, Table 2.2 Buffers and 

Solutions for DNA Electrophoresis.

2.6.2 Buffers and solutions for g DNA isolation, Southern and Slot blot: See appendix,

Table 2.3 Buffers and Solutions for g-DNA isolation, Southern and Slot Blot.
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2.6.3   Solutions for the transformation and selection of E. coli.

E.coli was grown at 37 oC with shaking at 200 rpm in Luria Bertani (LB) broth/ SOB 

broth and maintained on LB/SOB plates with 1.5% agar (Sambrook et al., 1989) . For 

plasmid DNA preparation recombinant E.coli was grown in LB media suppplemented 

with appropriate antibiotics. See appendix, Table 2.4 Stock solutions for E. coli transformation 

and selection.

2.6.4 Buffers and solutions for plasmid isolation (Alkaline lysis method): See 

appendix, Table 2. 5 Buffers and solutions for plasmid isolation (Alkaline lysis method).

2.6.5 Buffers and solutions for gel electrophoresis (PAGE): See appendix, Table 2.6 

Buffers and Solutions for Gel Electrophoresis (native/ SDS-PAGE).

2.6.6 Buffers and solutions for protein purification under native conditions: See 

appendix, Table 2.7 Buffers and solutions for protein purification (based on imidazole conc.)

2.6.7 Buffers and solutions for protein extraction under denaturing conditions: See 

appendix, Table 2.8 Buffers and solutions for protein extraction under denaturing conditions.

2.6.8   Buffers and solution for the peroxidase (POX) enzyme activity

Normal peroxidase activity was checked using 20 mM Phosphate buffer (K2HPO4 and 

KH2PO4 pH 6.0 to7.4). Also, 20 mM Tris-HCl buffer (pH 7.5), 50 mM Na-citrate buffer 

(pH 5.0) and 20 mM MES buffer (pH 6.0) supplemented with 1 mM CaCl2, 1 mM 

MnCl2 and MgCl2 were also used in the study. 

During purification of peroxidase enzyme guaiacol and syringaldazine were used as the 

substrates to quickly check the activity. In this assay system, increases in absorbance due 

to the peroxidase reaction were monitored at 470 and 530 nm for guaiacol and 

syringaldazine, respectively.

2.6.9 POX enzyme assay

The purified peroxidases (POX) were used for polymerization studies. The reaction 

mixture (1.0 mL) contained the purified peroxidase, 0.1 mM monolignol, and 50 µM 

H202 in 40 mM phosphate buffer (pH 6.8). The reaction, initiated by adding H202 to the 

reaction mixture, was carried out at 30 oC. At the scheduled reaction time (2 min),

recorded the absorbance at 263 and 272 nm for coniferyl alcohol and sinapyl alcohol, 
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respectively. Differences in absorbance were converted to the amount of consumed 

monolignols using extinction coefficients of 15100 and 141001/mol.cm for coniferyl and 

sinapyl alcohol, respectively (Aoyama et al., 2002). See appendix, Table 2.9 substrates used 

for the study.

2.6.10. Buffers and solutions for ELISA/ Immuno-cytolocalization/ GUS assay and 

for DNA coating on to microcarriers in biolistic transformation: See appendix, Table 

2.10 Buffers and Solutions used for ELISA, Immuno-cytolocalization, Lignin staining and DNA 

coating.

2.6.11 Component of Murasighe and Skoog media/ different inducing media and 

hormones: See appendix, Table 2.11 Component of Murasighe and Skoog media 

/different inducing media and hormones. 

2.6.12   Different media used for studies: See appendix, Table 2.12   Different media used 

for bacterial studies.

2.7   Host cells: See appendix, Table 2.13 Bacterial cell lines used.

2.8   Methods

2.8.1 Bacterial culture conditions

E. coli was grown at 37 ºC with shaking at 200 rpm in Luria Bertani (LB) broth/ SOB 

broth and maintained on LB/ SOB plates with 1.5% agar (Sambrook et al., 1989). For 

plasmid DNA preparation recombinant E. coli was grown in LB medium supplemented 

with appropriate antibiotic(s).

2. 8.2 Bacterial transformation

2.8.2.1 Preparation of competent cells using TB buffer

A single colony of E.coli XL1 Blue was inoculated in 5 mL of LB medium containing 

tetracycline (12.5 mg / L.) and grown overnight at 37 oC in incubator shaker at 200 rpm.  

Overnight grown culture (500 µL) was added to 50 mL of SOB medium and grown for 2-

3 hours at 37 oC in incubator shaker at 200 RPM. Cells were kept on ice for 10 min and 

harvested by centrifugation at 5,000 RPM for 10 min at 4 oC. The cell pellet was 

suspended in 5 mL ice-cold TB buffer containing 7% DMSO. This was then dispensed 
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into aliquots of 100 µl in 1.5 mL eppendorf tubes, frozen in liquid nitrogen and stored at 

-80 oC.

2.8.2.2   Preparation of competent cells using CaCl2

A single colony of E. coli XL1 Blue was inoculated in 5 mL of LB medium containing 

tetracycline (12.5 mg / L). LB medium (50 mL) was inoculated with 1% of the overnight 

grown E. coli culture and allowed to grow till 0.5 O.D. at 600 nm. The cells were 

harvested by centrifugation at 5,000 g for 10 min at 4 ºC, suspended in ice-cold 100 mM 

CaCl2 and kept on ice for 30 min. Cells were centrifuged, the pellet suspended in 1 mL of 

ice-cold 100 mM CaCl2 and stored as aliquots of 200 μL at 4 ºC or in -70 ºC after adding 

15% glycerol or 7% DMSO.

2.8.2.3    E. coli transformation 

The competent E. coli cells were transformed according to Sambrook et al., (1989). 

Gently, DNA (~50 ng in 10 μL or less) was added to the (200 µL) competent E. coli

cells, mixed and kept on ice for 30 min. The cells were then incubated at 42 ºC for 1.5 

min (heat shock) and immediately kept back on ice. To each tube 800 μL of LB broth 

was added and further incubated at 37 ºC for 1 h. Cells were pelleted by centrifugation at 

5,000 rpm for 5 min. The supernatant media was discarded and pellet was dissolved in 

100 μL of LB broth. The resuspended cells were plated on LB agar medium with 

appropriate antibiotics, IPTG and X-gal as per need (Sambrook et al., 1989).

Solutions Stock Final concentration

IPTG 200 mg mL
-1

in sterile distilled water 40 µg mL
-1

X-gal 20 mg mL
-1

dimethylformamide 40 µg mL
-1

2.8.2.4 Preparation of Agrobacterium tumefaciens competant cells, transformation 

and selection 

The method adopted for the preparation of A. tumefaciens competent cells was essentially 

as reported by An (1987). A single colony of A. tumefaciens (GV2260) was inoculated in 
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50 mL LB broth containing Rifampicin 150 µg mL
-1 

and incubated at 28 ºC with shaking 

at 200 rpm till O.D. 0.5 at 600 nm. Cells were centrifuged at 5,000 g for 10 min at 4 ºC

and washed twice with ice cold 150 mM CaCl2. The cells were pelleted and resuspended 

in 1.0 mL of ice cold 20 mM CaCl2. Aliquots of 200 µL were made. For transformation 

1.0 µg DNA of the desired binary plasmid vector was added to an aliquot of the 

competent A. tumefaciens cells and incubated on ice for 30 min. The cells were then snap 

frozen in liquid nitrogen and allowed to thaw at 37 ºC. After thawing 1.0 mL LB medium 

was added and the tubes incubated at 28 ºC for 2 h with gentle shaking. The cells were 

centrifuged at 4,000 g for 5 min and 100 µL supernatant was retained. The cells were 

resuspended in the 100 µL supernatant and plated on LB agar medium with appropriate 

antibiotic(s). The plates were incubated at 28 ºC for two days to allow the transformed 

colonies to grow for further processing. 

2.8.3 Colony PCR for screening recombinant colonies after bacterial transformation

This method bypasses DNA purification, and relies on the selectivity of PCR 

amplification to determine whether a bacterial colony of interest does indeed contain the 

desired DNA. Simply adding a small portion of a bacterial colony to a PCR master mix 

will introduce enough templates DNA for amplification. A single bacterial colony was 

picked up from the agar plate containing transformants with the help of microtip and 

added to 1.5 mL eppendorf PCR tube containing 25 μL of sterile miliQ water. The 

microtip was agitated in the water to suspend the bacterial cells. Subsequently, 2 –3 μL of 

this suspension was used in 15 μL of PCR reaction. The remaining components were 

added to the PCR reaction and subjected to normal cycling parameters for the particular 

primers. If insert orientation, as well as presence, needs to be determined, utilization of a 

forward vector-specific primer and a reverse insert-specific primer, or vice versa, allows 

such determination. If only the presence of the insert needs to be determined, then gene 

specific primers can be used. An additional 5 min denaturation step at 95 ºC before the 

amplification cycles will aid the bacterial lysis to enhance PCR product amplification 

success. The resulting PCR products were checked on an agarose gel for the presence of 

the cloned gene of interest.
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2.8.4 Isolation of nucleic acids and Polymerase Chain Reaction (PCR)

2.8.4.1   Isolation of plasmid DNA from E. coli cells

The alkaline lysis method of Sambrook et al., (1989) was improvised upon so that 12-24 

samples could be processed conveniently for plasmid DNA extraction within 3 h, with 

yields of 5-30 μg per 1.5 mL culture depending on the host strain and the plasmid vector. 

An important feature of this protocol was the use of PEG for purification, which resulted 

in precipitation of high quality super-coiled plasmid DNA free of contamination. The 

bacterial cultures were grown overnight with shaking (200 rpm) at 37 ºC in LB broth, 

with appropriate antibiotic(s). About 1.5 to 3 mL culture was centrifuged for 1 min at 

7,000 g to pellet the bacterial cells. The pellet was resuspended in 100 μL of GTE buffer 

(Tab: 2.5) by vigorous pipetting, 200 μL of Soln. II (Tab: 2.5) was added, mixed by 

inversion till the solution becomes clear, normally for 2-3 min. The cell lysate was 

neutralized by addition of 150 μL of Soln. III (Tab: 2.5), mixed well and incubated on ice 

for 5 min. The cell debris was removed by centrifugation for 10 min at 12,000 g at 4 ºC. 

The supernatant was transferred to another microfuge tube, RNase A was added to a final 

concentration of 20 μg/mL (Sambrook et al., 1989) and incubated at 37 ºC for 20 min. To 

the above solution 400 μL of chloroform was added, vortexed for 2 min and centrifuged 

for 5 min at 12, 000 g at room temperature. The upper aqueous layer was transferred to a 

clean tube, 1/10th volume sodium acetate and one volume absolute ethanol was added 

with gentle mixing and kept at -20 ºC for 1-2 h. The sample was centrifuged at 12,000 g 

for 10 min at 4 ºC. The pellet was washed thrice with 70% ethanol and dried under 

vacuum. The dried pellet was dissolved in 40 μL of deionized water and 40 μL of 

PEG/NaCl solution (20% PEG 8000 in 2.5 M NaCl) was added. The mixture was 

incubated on ice for 20 min and the plasmid DNA pelleted out by centrifugation at 

12,000 g for 15 min at 4 ºC. The supernatant was aspirated carefully, the pellet washed 

with 70% ethanol and air-dried. The dried pellet was resuspended in 20 μL deionized 

water and stored at -20 ºC.

2.8.4.2 Isolation of plasmid DNA from Agrobacterium cells

Overnight grown culture of A. tumefaciens was centrifuged at 4,000 g for 10 min. The 

cells were washed with 500 µL of Soln. I (Tab: 2.5) containing 10 µL Triton X-100 and 



                                                                                                  Chapter 2 Materials and Methods

Abhilash. O.U                                    Ph.D Thesis 2009 University of Pune     51

resuspended in 300 µL of Soln. I (Tab: 2.5) and 400 µL of Soln II. (Tab: 2.5). The cells 

were mixed by inverting till the solution turns clear. This was followed by the addition of 

400 µL of Soln. III. (Tab: 2.5).  The suspension was mixed by inverting the tubes several 

times and centrifuged at 12,000 g for 10 min. Clear supernatant was transferred to fresh 

1.5 mL tubes and 2 µL of RNase A (10 mg/ mL) added. The tube was incubated at 37 oC 

for 30 min and then extracted with 400 µL of Chloroform: isoamyl alcohol. For phase 

separation the tubes were centrifuged at 12,000 g for 10 min. The upper aqueous phase 

was transferred to a 1.5 mL tube and 600 µL of isopropanol added. It was mixed 

thoroughly and the plasmid DNA pelleted by centrifugation at 12,000 g for 10 min. The 

DNA pellet was washed with 70% ethanol, air-dried, dissolved in 40 µL deionized sterile 

water and stored at -20 oC till further use.

2.8.4.3   Isolation of plant genomic DNA

Extraction buffer: 100 mM Tris-HCl and 20 mM sodium EDTA adjust pH to 8.0 with 

HCl; add NaCl to 1.4 M and 2.0 % (w/v) CTAB (cetyltrimethylammonium bromide). 

Dissolve CTAB by heating to 60 °C. Store at 37 ºC. Add β-mercaptoethanol to 0.2% 

before use.  Chloroform: isoamyl alcohol 24:1 (v/v), 5 M NaCl, RNAase A (10 mg mL
-1

), 

95% ethanol, 70% ethanol, TE buffer: 10 mM Tris-HCl and 1 mM EDTA, adjust pH to 

8.0 and autoclave. 

Genomic DNA was isolated by using the protocol of Lodhi et al., (1994). Fresh young 

leaves were collected, frozen in liquid nitrogen and crushed to a fine powder. About 1.0 g 

of ground tissue was extracted with 10 mL extraction buffer. The slurry was poured into a 

clean, autoclaved 50 mL centrifuge tube and 100 mg insoluble polyvinylpoly-

pyrrolidone (PVPP) as well as 20-40 μL of β-mercaptoethanol was also added. The tube 

was inverted several times but very gently to thoroughly mix the slurry, incubated at 65 

ºC for 30 min and then allowed to cool down to room temperature. 12 mL of chloroform: 

isoamylalcohol mixture was added and the contents mixed by inverting the tube gently 

till an emulsion formed. The mixture was then centrifuged at 6,000 g for 15 min at room 

temperature. Supernatant was carefully collected in a fresh tube and chloroform: isoamyl

alcohol (24:1) extraction step repeated. To the clear supernatant 0.5 volume of 5 M NaCl 

was added and mixed gently and two volumes of cold (-20 ºC) 95 % ethanol was added 
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and the sample kept at 4 ºC until DNA strands appeared. The tube was centrifuged at 

3,000 g for 3 min and then at 5,000 g for next 3 min. The supernatant was poured off, and 

DNA pellet washed with cold (4 ºC) 70 % ethanol and air-dried. DNA was dissolved in 

400 μL of TE buffer. The DNA solution was treated with 1 μL RNase A (10 mg mL
-1

) 

per 100 μL DNA solution and incubated at 37 ºC for 30 min. The sample was extracted 

with chloroform: isoamyl alcohol to remove RNAase A. DNA was re-precipitated and 

dissolved in 40-100 μL TE buffer. Purity of DNA was checked spectrophotometrically by 

measuring the absorbance ratio (A260/A280) and also by visualization on 0.8 % agarose gel 

with 1X TAE. Genomic DNA was stored at 4 ºC.

2.8.4.4   Restriction digestion of DNA

Plasmid and genomic DNA restriction digestion was set up as per restriction enzymes 

manufacturer’s recommendations.

2.8.4.5   Extraction and purification of DNA from agarose gels

The restriction digested DNA or PCR amplified products were run on an agarose gel in 

1X TAE buffer. The gel was stained with ethidium bromide (0.5 µg mL
-1

) and viewed 

using a hand held long wavelength UV illuminator. The fragment of interest was excised 

from the gel and weighed. A 100 µg gel slice was transferred to a 1.5 mL micro 

centrifuge tube and 300 µL Buffer DE-A (AxygenTM GEL elution kit, Biosciences, USA) 

added. The tube was incubated at 70 ºC for 5 to 10 min with intermittent mixing until the 

gel slice was completely dissolved. The gel mixture was cooled down to room 

temperature and 150 µL of Buffer DE-B was added. The above molten agarose was put 

into Axyprep column and placed into 2 mL microfuge collection tube. The assembly was 

centrifuge at 12,000 g for 1 min and filtrate was discarded. 500 µL of wash buffer 1 

(provided by Axygen) was added and centrifuged at 12,000 g for 30 s, filtrate was 

discarded. 700 µL of wash buffer 2 was added and spin at 12,000 g for 30 s, filtrate was 

discarded. It was repeated again with wash buffer 2. One min empty spin was given to 

ensure the complete removal of salt as well as ethanol. Axyprep column was transferred 

into a fresh 1.5 mL microfuge tube and 25-30 µL of elution buffer was added to the 

centre of the membrane and kept it as such for 1 min at room temperature. Centrifuge at 
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12000 g for 1 min.  The eluted DNA was stored at 4 ºC. This eluted PCR product or any 

DNA fragments are of good quality and can be visualized on 1% agarose gel by taking an 

aliquots of 3-4 μL. The eluted DNA /PCR product was stored at -20 oC and was used for 

subsequent reactions.

2.8.4.6 Total RNA Isolation 

RNase free environment was created and maintained as described by Blumberg (1987). 

All glass and plasticware were DEPC (0.1% in water) treated overnight and autoclaved. 

The pestle and mortar were also DEPC treated and then baked at 300 ºC for 6 h. All 

materials were dried in a vacuum oven. Total RNA from different plant tissues was 

isolated using TRIzol reagent. The plant tissue was collected, washed with DEPC treated 

water, frozen in liquid nitrogen and crushed to a fine powder. To 100 mg of the fine 

powder, 1 mL TRIzol reagent was added and mixed thoroughly using a vortimix. 

Chloroform: isoamyl alcohol (300 μL) was added and mixed thoroughly using vortimix. 

The tubes were centrifuged at 13,000 g for 15 min at 4 ºC. The supernatant was 

transferred to 1.5 mL tubes and the chloroform: isoamyl alcohol step was repeated. The 

aqueous phase was transferred to 1.5 mL tubes and 0.6 volume isopropanol added. It was 

mixed thoroughly and kept for RNA precipitation for 1 h at room temperature. Total 

RNA was pelleted out by centrifugation at 13,000 g for 15 min at 4 ºC. The RNA pellet 

was washed with 70% ethanol twice and dried in a Speedvac centrifugal concentrator. 

RNA pellet was dissolved in 40 μL of DEPC treated water and stored at -80 ºC in 

aliquots. Purity of RNA was confirmed by measuring OD at 260/280 nm and also by 

visualization on 1.5% TAE agarose gel.

2.8.4.7 mRNA purification

Total RNA was quantified spectrophotometrically as well as with the Bioanalyser system. 

The amount of RNA was in the range of 1to 3 mg. Appropriate amount of OBB Buffer 

and Oligotex suspension were added according to manufacturer’s instruction.  The 

sample was incubated for 3 min at 70 ºC in a heating block. Sample was removed from 

the heating block, and placed at 20 – 30 ºC for 10 min. Oligotex:mRNA complex was 

pelleted down by centrifugation for 2 min at maximum speed (14,000–18,000 g) and 

carefully removed the supernatant by pipetting. Oligotex: mRNA pellet was resuspended 
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in the appropriate amount of OW2 buffer by vortexing and pipetted onto a small spin 

column placed in a 1.5 mL microcentrifuge tube and centrifuged for 1 min at maximum 

speed. Spin column was transferred to a new RNase-free 1.5 mL micro-centrifuge tube, 

appropriate amount of OW2 buffer added to the column and again centrifuged for 1 min 

at 12,000 g, flow-through was discarded.  Spin column was transferred to a new RNase 

free 1.5 mL micro-centrifuge tube. Appropriate amount of   hot (70 ºC) OEB buffer was 

pipetted onto the column and resuspended by pipetting up and down; spin it down for 1 

min at 12,000 g. The Eluted mRNA sample was quantified spectrophotometrically and 

used for further downstream processes.

2.8.4.8 Spectrophotometric determination of nucleic acids concentration

DNA concentration was determined by measurement of the absorption at 260 nm. 

Lambda 25 Perkin Elmer Photometer was used to determine the concentration of 1:50 

diluted RNA or DNA samples in a volume of 1mL in a 1 cm light path quartz cuvette. 

Absorbance value (A260) should fall between 0.1-1.0 to be accurate. Sample dilution was 

adjusted accordingly. An absorbance of 1.0 at 260 nm corresponds to 50 μg DNA/ mL. 

The Bioanalyser system (Agilent 2100) was also used to check the quantity of the nucleic 

acids (according to manufacturer’s instructions). Some other useful parameters like gel 

electrophoresis pattern of the samples (Nucleic acids and protein), the integrity of the 

RNA and DNA, concentration of the individual bands can also be analyzed 

simultaneously with this system. The basis of the system to perform multiple analysis 

simultaneously is that, one has to load the samples, standards, suitable ladder and the gel 

matrix in the different wells of a single microchip provided with the system and then the 

system primarily performs electrophoretic separation of all the samples loaded through 

the inbuilt micro-capillaries of the chip and thereafter, analyses the various parameters in 

one go.  

2.8.4.9 cDNA first strand synthesis by reverse transcription

Complementary DNA (cDNA) was synthesized from a mature mRNA template in a 

reaction catalyzed by the enzyme reverse transcriptase. The resulting molecule is a DNA-

RNA hybrid and the process is called as cDNA 1st strand synthesis. For DNA double 

strand synthesis this hybrid molecule is digested with RNase H (specific for degrading 
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RNA strand in a DNA- RNA hybrid), DNA second strand is synthesized using DNA 

polymerase I (Kimmel and Berger, 1987). In the present study cDNA first strand was 

synthesized using ImPromII™ Reverse Transcription System (Promega, USA). The 

reactions were set up as per the manufacturer’s guidelines. Briefly, reverse transcription 

reactions of up to 1 μg of total RNA performed in 20 μL reactions comprised of 

components of the ImPromII Reverse Transcription System. Experimental RNA was 

combined with the oligo (dT)15 primer. The primer/template mixture was isothermally 

denatured at 70 ºC for 5 min and snap chilled on ice. A reverse transcription reaction mix 

was assembled on ice to contain nuclease-free water, reaction buffer, reverse 

transcriptase, magnesium chloride, dNTPs and ribonuclease inhibitor RNasin®. As a 

final step, the template-primer combination was added to the reaction mix on ice. 

Following an initial annealing at 25 oC for 5 min, the reaction was incubated at 42 ºC for 

up to 1-1.5 h. The cDNA synthesized was directly added to amplification reactions. The 

first strand reaction was set up as follows:

    Reagent and concentration Volume

Experimental RNA (1 μg) 1.0 μL

Primer (Oligo(dT)15 or Random (10 pmol)) 1.0 μL

DEPC treated Water 3.0 μL

              Final volume 5.0 μL

The tubes were incubated at 70 ºC for 5 min and then chilled in ice-water for 5 min. 

Tubes were briefly spun in a micro centrifuge to collect the condensate and maintain the 

original volume. The tubes were kept closed on ice until addition of the reverse 

transcription reaction mix. The reverse transcription reaction mix was prepared by adding 

the following components of the ImProm-II Reverse Transcription System in a sterile 1.5 

mL micro centrifuge tube on ice.
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     Reagent and concentration Volume

ImProm-II. 5X Reaction Buffer 4.0 μL

MgCl2 (15 mM) 2.0 μL

dNTP Mix (7.5 mM) 1.0 μL

RNasin® Ribonuclease Inhibitor (40 U/ μL) 0.5 μL

ImProm-II Reverse Transcriptase 1.0 μL

Nuclease-free water 6.5 μL

             Final volume 15.0 μL

An aliquot of 1.0 μg total RNA and oligo (dT)15 or Random hexamer primer (10  pmol) 

mix was added to the above reaction for a final reaction volume of 20 μL per tube. The 

reaction mixure was incubated at 25 ºC for 5 min for primer annealing and then at 42 ºC

for 1 h for cDNA first strand synthesis. Reverse transcriptase was thermally inactivated 

by incubation at 70 ºC for 15 min prior to proceeding with PCR amplification 

(Chumakov, 1994).

2.8.4.10 Polymerase Chain Reaction (PCR)

PCR is a powerful technique to amplify a desired nucleotide sequence using sequence 

specific primers. This amplification may be either of and from a single template or of a 

template from a mixture of templates (Saiki et al., 1985; Mullis and Faloona, 1987; Saiki 

et al., 1988; Mullis, 1990; Arnheim and Erlich, 1992). This technique has been 

successfully used for various purposes like fishing out of gene(s) from genomic DNA or 

from cDNA population (Todd et al., 1987), introducing restriction sites of interest in the 

amplified product for directional cloning (Scharf et al., 1986), creating sequence 

mismatch/ deletion/ addition resulting in mutant version of a gene or nucleotide sequence 

(Goodenow et al., 1989), differentiating between two alleles (Kwok et al., 1990) etc. In 

the present study applications of PCR were exploited for a few of the above specified 

applications. The PCR reaction mixture and cycling conditions used were as follows:
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Reaction mixture

            Reagent and concentration Volume

Sterile deionized water 6.2 μL

Template (50 ng/ μL) 1.0 μL

Forward primer (8 pmol) 1.0 μL

Reverse primer (8 pmol) 1.0 μL

dNTPs (0.2 mM) 4.0 μL

10 x Buffer (Mg+2 1.5 mM) 1.5 μL

Taq DNA Polymerase (1 U/μL) 0.3 μL

Total volume 15.0 μL

PCR cycle conditions

95 ºC  - 5 min

95 ºC   - 1 min

45-65 ºC - 45-90 s 

                                                 35 cycles

   (Annealing temperature (Ta) was dependent on  melting Temperature of the primer (Tm); Ta = Tm - 5 ºC)

72 ºC - 1.5 min. 

1 cycle      72 ºC   10 min

1 cycle      4 ºC      hold.

2.8.4.11 Rapid amplification of cDNA ends (RACE)

Generally, using reverse transcription PCR, either partial cDNA fragments (both 5’ and 

3’ ends missing) or cDNA with full 5’end missing are amplified from total cDNA. If a 

partial cDNA sequence is known, unknown sequences to the 5’ and 3’ of the known 

sequence can be reverse transcribed from RNA, amplified by PCR using RACE 

(Frohmman et al., 1988). RACE ready cDNA Kit (Invitrogen, USA) was used to perform 
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RACE. The reactions were set up as per the manufacturer’s guidelines with minor 

modification. Briefly, the RACE technique is based on oligo-capping and RNA ligase-

mediated (RLM) RACE methods (Maruyama and Sugano, 1994; Vollo Ch et al., 1994). 

The GeneRacer method involves selectively ligating an RNA oligonucleotide 

(GeneRacer RNA Oligo) to the full-length 5’ ends of decapped mRNA using T4 RNA 

ligase. Application of GeneRacer race ready cDNA Kit is as follows:

 Identifying the 5’ and 3’ untranslated regions of genes.

 Studying heterogeneous transcriptional start sites.

 Characterizing promoter regions.

 Obtaining the complete cDNA sequence of a gene.

 Amplifying the full length cDNA for downstream cloning and expression.

GeneRacer RACE Ready cDNA Synthesis

The pre-requisite to begin the RACE was to have the good quality RNA or mRNA. 1-5 

μg total RNA or 50-250 ng purified mRNA in DEPC water was used for the RACE 

reaction. Dephosphorylation reaction of 10 μL was set in 1.5 mL sterile micro centrifuge 

tube. The reaction mix is as follows:

      Reagent and concentration Volume

RNA  7.0 μL

10X CIAP Buffer 1.0 μL

RNaseOut™ (40 U/μL) 1.0 μL

CIP (10 U/μL) 1.0 μL

    Total Volume 10.0 μL

The reaction mixture was mixed gently by pipetting, followed by brief spin to collect the 

liquid at the bottom and incubated at 50 ºC for 1 h. The reaction volume was made up to 

100 μL by adding DEPC water and precipitated by adding 2 μL of 10 mg/mL glycogen, 

10 μL of 3 M sodium acetate (pH 5.2) and 220 μL of 95% ethanol. The precipitated 

sample was washed with 70% ethanol and pellet was air-dried. Air-dried pellet was 
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dissolved in 7 µL of DEPC water. 5’ mRNA cap structure from full- length mRNA was 

removed by following reaction,

       Reagent and concentration Volume

Dephosphorylated RNA 7.0 μL

10X TAP Buffer 1.0 μL

RNaseOut™ (40 U/μL) 1.0 μL

TAP (0.5 U/μL) 1.0 μL

      Total Volume 10.0 μL

              

The reaction mixture was mixed gently by pipetting, followed by brief spin to collect the 

liquid at the bottom and incubated at 37 ºC for 1 h. The reaction volume was made up to 

100 μL by adding DEPC water and precipitated by adding 2 μL of 10 mg/mL glycogen, 

10 μL of 3 M sodium acetate (pH 5.2) and 220 μL 95% ethanol. The precipitated sample 

was washed with 70% ethanol and pellet was air-dried. Air dried pellet was dissolved in 7 

μL of DEPC water. After decapping of full length mRNA, the RNA Oligo was ligated to 

the 5’ end of the mRNA. The reaction of ligating the RNA Oligo to decapped mRNA is 

as follows:

    Reagent and concentration Volume

Decapped RNA 7.0 μL

10 X Ligase Buffer 1.0 μL

10 mM ATP 1.0 μL

RNaseOut™ (40 U/ μL) 1.0 μL

T4 RNA ligase (5 U/μL) 1.0 μL

Total Volume 11.0 μL

7 μL of dephosphorylated, decapped RNA was added to the tube containing the pre-

aliquoted, lyophilized GeneRacer™ RNA Oligo (0.25 μg). RNA Oligo was resuspended 
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by pipetting up and down several times. Mixture was incubated at 65 ºC for 5 minutes 

and kept on ice, reaction mixture was mixed gently by pipetting, followed by brief spin to 

collect the liquid at the bottom and incubated at 37 ºC for 1 h. The reaction volume was 

made up to 100 μL by adding DEPC water and precipitated by adding 2 μL of 10 mg /mL

glycogen, 10 μL of  3 M sodium acetate (pH 5.2) and 220 μL 95% ethanol. The 

precipitated sample was washed with 70% ethanol and pellet was air dried. Air dried 

pellet was dissolved in 10 μL of DEPC water. The decapped full length mRNA ligated 

with GeneRacer™ RNA - Oligo was used to prepare cDNA by reverse transcription. 1 

μL of the desired primer and 1 μL of dNTP Mix (25 mM each) were added to the ligated 

RNA and incubated at 65 ºC for 5 min. Following reagents were added to the 11 μL

ligated RNA and primer,

Reagent and concentration Volume

5 X RT Buffer 4.0 μL

SuperScript™ III RT (200 U/μL) 1.0 μL

0.1 M DTT 1.0 μL

RNaseOut™ (40 U/μL) 1.0 μL

Sterile water 2.0 μL

Total Volume 20.0 μL

The reaction mixture was mixed gently by pipetting, followed by brief spin to collect the 

liquid at the bottom and incubated at 45 ºC for 1 h. The reaction was inactivated by 

incubating the reaction mixture at 70 ºC for 15 min. 1 μL of RNase H (2 U) was added to 

reaction mixture to chew up the DNA / RNA hybrid by incubation at 37 ºC for 20 min. 

Centrifuged the sample and kept at -20 ºC for further use in PCR.

PCR reaction setup 

Reactions were setup to amplify either the 5′ end or the 3′ end of gene of interest. The 

reaction was set up as given below:  
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Cycling conditions

Temperature Time Cycles

94 ºC 2 min 1

94 ºC 30 S 5

72 ºC 1 min/ 1 kb 2 min

94 ºC 30 S 5

70 ºC 1 min/ 1 kb 2 min

94 ºC 30 S

2566 ºC 30 S

72 ºC 2 min

72 ºC 10 min 1

          Reagent and concentration 5′ RACE 3′ RACE

GeneRacer 5′ Primer10 μM 3.0 μL -

Reverse GSP 10 μM 1.0 μL -

GeneRacer™ 3′ Primer 10 μM - 3.0 μL

Forward GSP 10 μM - 1.0 μL

RT Template 1.0 μL 1.0 μL

10X High Fidelity PCR Buffer 5.0 μL 5.0 μL

dNTP Solution (10 mM each) 1.0  μL 1.0 μL

Platinum® Taq DNA Polymerase or High Fidelity, 5 U/ μL 0.5 μL 0.5 μL

MgSO4, 50 mM 2.0 μL 2.0 μL

Sterile Water 36.5 μL 36.5 μL

            Total Volume 50.0 μL 50.0 μL
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Nested PCR 

Nested PCR was done to increase the specificity and sensitivity of RACE products for the 

5′ or 3′ ends of gene. 1 μL of the original amplification reaction was used as template for 

nested PCR. Reactions were set up as described below:

                         Reagent 5′ RACE 3′ RACE

Gene Racer 5′Nested Primer10 μM 1.0 μL -

Reverse Nested GSP 10 μM 1.0 μL -

Gene Racer 3′ Nested Primer 10 μM - 1.0 μL

Forward Nested GSP 10 μM - 1.0 μL

Primary PCR Product 1.0 μL 1.0 μL

10 X High Fidelity PCR Buffer 5.0 μL 5.0 μL

dNTP Solution (10 mM each) 1.0  μL 1.0 μL

Platinum® Taq DNA Polymerase

High Fidelity, 5 U/μL

0.5 μL 0.5 μL

MgSO4, 50 mM 2.0 μL 2.0 μL

Sterile Water 38.5 μL 38.5 μL

Total Volume 50.0 μL 50.0 μL

Following cycling condition was used for the nested PCR reactions,         

Temperature Time Cycles

94 ºC 2 min 1

  94 ºC 30 S

25  66 ºC 2 min

  72 ºC 2 min

  72 ºC 10 min 1
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10-20 μL of nested PCR product was analyzed on a 1% agarose /ethidium bromide gel. 

Nested PCR products were shorter by the number of bases between the original primers 

and the nested primers. The largest product was representing the most full-length 

message. The band(s) were excised, cloned and sequenced. 

2.8.5 Quantitative real time PCR (QRT PCR)

Quantitative Real Time PCR is a powerful tool for gene expression analysis and was first 

demonstrated by Higuchi et al., (1992, 1993). QPCR quantitates the initial amount of the 

template most specifically, sensitively and reproducibly, and is a preferred alternative to 

other forms of quantitative reverse transcriptase PCR that detect the amount of final 

amplified product at the end-point (Freeman et al., 1999; Raeymaekers, 2000). QPCR 

monitors the fluorescence emitted during the reaction as an indicator of amplicon 

production during each PCR cycle (i.e., in real time) as opposed to the endpoint detection 

(Higuchi et al., 1992, 1993). The QPCR system is based on the detection and quantitation 

of a fluorescent reporter (Lee et al., 1993; Livak et al., 1995). There are three main 

fluorescence-monitoring systems for DNA amplification (Wittwer et al., 1997a): (1) 

hydrolysis probes, (2) hybridizing probes and (3) DNA-binding agents (Wittwer et al., 

1997b, Vander Velden et al., 2003). Most commonly used are the hydrolysis probes, 

which include TaqMan probes (Heid et al., 1996), molecular beacons (Tan et al., 2004; 

Vet and Marras, 2005) and scorpions (Saha et al., 2001; Terry et al., 2002). They use the 

5' exonuclease activity of Taq polymerase to measure the amount of target sequences in 

cDNA samples. The use of fluorescent probe technologies reduces the risk of sample 

contamination while maintaining convenience, speed and high throughput screening 

capabilities (Reischl et al., 2002).

In the present study the Brilliant® II QPCR Master Mix (Stratagene, USA) was used. 

This kit supports quantitative amplification and detection with multiplex capability, and 

shows consistent high performance with various fluorescent detection systems, including 

molecular beacons and TaqMan® probes. The kit supports PCR amplifications and 

detection of a variety of DNA targets, including genomic DNA, plasmid DNA, and

cDNA. The Brilliant II QPCR master mix includes SureStart® Taq DNA polymerase, a 

modified version of Taq2000™ DNA polymerase with hot start capability. A passive 
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reference dye (an optional reaction component) is provided so as to control the final dye 

concentration, increasing the flexibility of the reagents for use with different platforms.

2.8.5.1 Pre-protocol considerations

Magnesium chloride concentration

Magnesium chloride concentration in the PCR reaction mix affects the specificity of the 

PCR primers and probe hybridization (Eckert and Kunkel, 1990). The Brilliant® II 

QPCR Master Mix kit contains MgCl2 at a concentration of 5.5 mM (in the 1 x solution), 

which is suitable for most targets.

Probe design

Probes are designed in a fashion so as to have a melting temperature 7–10 ºC higher than 

the annealing temperature of the primers. Lyophilized custom molecular beacon or 

TaqMan probes are constituted in 5 mM Tris-HCl (pH 8.0) and 0.1 mM EDTA (low TE 

buffer).

Fluorescence detection

Fluorescence may be detected either in real-time or at the endpoint of cycling using a 

real-time spectrofluorometric thermal cycler. For endpoint analysis, PCR reactions can be 

run on any thermal cycler and then analyzed with a fluorescence plate reader that has 

been designed to accommodate PCR tubes and is optimized for the detection of 

fluorescent PCR reactions. Readings may be acquired before and after PCR for 

comparison.

Optimal concentrations for experimental probes and primers 

The optimal concentration of the experimental probe is determined empirically. The 

optimal concentration is the lowest concentration that results in the lowest Ct and an 

adequate fluorescence for a given target concentration. In present study TaqMan® probes 

were used.

TaqMan® probes

The TaqMan probe concentration can be optimized by varying the final concentration 

from 50 to 300 nM in increments of 50 nM.
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PCR primers

The optimal concentration of the upstream and downstream PCR primers is determined 

empirically. The optimal concentration is the lowest concentration that results in the 

lowest Ct and an adequate fluorescence for a given target concentration. The primer 

concentration for use with TaqMan probes can be optimized by varying the primer 

concentration from 100 nM to 900 nM. The best concentrations of the upstream and 

downstream primers are not always of equal molarity.

Reference dye

A passive reference dye may be added to compensate for non-PCR related variations in 

fluorescence. Fluorescence from the passive reference dye does not change during the 

course of the PCR reaction but provides a stable baseline to which samples are 

normalized. In this way, the reference dye compensates for changes in fluorescence 

between wells caused by slight volume differences in reaction tubes. The excitation and 

emission wavelengths of the reference dye are 584 nm and 612 nm respectively.

Reference dye dilution

Reference dye is prepared fresh prior to setting up the reactions. All reaction tubes 

containing reference dye are protected from light. Initial dilutions of the reference dye are 

made in nuclease-free PCR-grade H2O and used at a final concentration of 30 to 300 nM 

depending upon the instrument configuration. In the present studies, 30 nM concentration 

of reference dye has been used.

Data acquisition with a spectro-fluorometric thermal cycler

Acquisition of real-time data generated by fluorogenic probes was as recommended by 

the instrument manufacturer. Data collection was either at the annealing step of each 

cycle (3-step cycling protocol) or the annealing/extension step (2-step cycling protocol).

2.8.5.2 Preparing the RT-qPCR reactions

The reference dye was diluted 1:500 (recommended in kit) using nuclease-free PCR-

grade H2O resulting in a final reference dye concentration of 30 nM in the reaction 

mixture. Real time PCR model Stratagene Mx 3000P was used in present study. The 

experimental reactions were prepared by adding the following components in order:
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                                                          Reagent Mixture

Component Volume

2 X master mix 12.5 μL

Experimental probe (optimized concentration) X μL

Upstream primer (optimized concentration) X μL

Downstream primer (optimized concentration) X μL

Diluted reference dye 0.375 μL

Experimental gDNA, cDNA or plasmid X μL

Final volume 25 μL

2.8.5.3 PCR cycling programs

The reactions were placed in the instrument and a 2 step program was run (recommended 

for TaqMan reactions).

Two step cycling Protocol,

Temperature Time No. of Cycles

95 ºC 10 min 1

95 ºC 30 S

4055-57 ºC 30 S

72 ºC 1 min

Initial 10 min incubation was to activate the DNA polymerase completely. The 

temperature cycler was set to detect and report fluorescence during the 

annealing/extension step of each cycle.
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2.8.6 Nucleic acids blotting/hybridization

2.8.6.1 Southern blotting

For Southern hybridization (Southern, 1975) the DNA samples were electrophoresed on 

an agarose gel in 1X TAE buffer containing 0.5 µg mL
-1 

ethidium bromide. The gel was 

rinsed with deionized water (D/W) and placed in depurination solution for 15 min. The 

gel was rinsed with deionized water and immersed in denaturation solution for 30 min 

with gentle shaking. The gel was again rinsed with deionized water and transferred to 

neutralization solution for 45 min. The gel was next set up for capillary transfer of DNA 

to solid membrane support. A tray was filled with the transfer buffer (20X SSC). A 

platform was made and covered with a wick, made from 2 sheets of Whatman 3 MM 

filter paper saturated with transfer buffer and the gel was placed on it. It was surrounded 

with Saran Wrap to prevent the transfer buffer from being absorbed directly by the paper 

towels stacked above the membrane. A sheet of Hybond-N+ membrane (Amersham, UK) 

of the exact gel size was wetted with deionized water followed by transfer buffer (20X 

SSC) and then placed on top of the gel. A glass rod was rolled over the membrane to 

remove any trapped air bubbles. One piece of Whatman 3MM paper wetted with 20X 

SSC was placed on the membrane followed by Whatman 3MM paper pre-wetted in 2X 

SSC. On this paper another dry Whatman 3MM paper was placed followed by a stack of 

absorbent paper towels. A glass plate and a ~0.5 kg weight were placed on the top of the 

paper towels. Transfer of DNA was allowed to proceed for 18 h. The membrane was 

marked for orientation, removed carefully and washed with 6X SSC. The membrane was 

air dried and baked for 2 h at 80 ºC to immobilize DNA onto the nylon membrane. 

Hybridization and autoradiography were carried out as is described in the following 

section.

2.8.6.2   Slot blotting (Slot blot hybridisation)

Genomic DNA was extracted from L. leucocephala and was quantified; DNA was

checked for its quality and digestability using spectrophometer and on an agarose gel 

respectively. 20 µg of gDNA was digested up to completion with respective restriction 

enzymes in separate 1.5 mL eppendorf tubes. The restriction enzyme was selected on the 
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basis of its presence within the gene, such that it cuts the DNA only once. The digested 

DNA was electrophoretically separated on 0.8% agarose gel.    

For slot blot hybridization DNA or RNA samples were diluted according to experimental 

requirements. The DNA samples were denatured by adding 1/10th volume of 3 M NaOH 

and incubated at 65 ºC for 10 min. To the denatured sample an equal volume of 6X SSC 

was added. Two layers of Whatman 3 MM filter paper wetted with sterile deionized 

water and 6X SSC were placed in the Slot blot apparatus followed by Hybond-N+ 

membrane (Amersham, UK) treated in the manner as above. The Slot blot unit was 

assembled and wells washed with 500 μL of 6X SSC by applying vacuum. After 

washing, samples prepared earlier were applied in the wells and vacuum applied till 

whole sample volume passed through the well slit and wells appear dry. The unit was 

carefully disassembled and the membrane taken out. The membrane was air dried and 

baked for 2 h at 80 ºC to immobilize DNA. Radio-labeling of probe, hybridization and 

autoradiography were carried out as described in the following sections.

2.8.6.3   Random primer labeling

Random primer labeling of the DNA probes (Feinbeng and Vogelstein, 1983) was done 

using the Megaprime DNA labeling kit (Amersham, UK). Reaction (50 μL) was set up as 

follows:

Component Volume

25  ng DNA (used as probe) 5.0 μL

Primer solution (Random hexamers (3.5 A260 U) 5.0 μL

Final Volume 10.0 μL

Above mixture was heated in a boiling water bath for 10 min and cooled to room 

temperature facilitating primer annealing to the DNA. This reaction mixture was added to 

the following reaction mixture.
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Component Volume

10 X reaction buffer (500 mM Tris-HCl, pH 8.0; 

100 mM MgCl2; 10 mM DTT; 0.5 mg/ mL

acetylated BSA) 

5.0 μL

dATP (0.5 mM ) 4.0 μL

dGTP (0.5 mM) 4.0 μL

dTTP (0.5 mM ) 4.0 μL

(α-32P)-dCTP (Sp. activity 3000 Ci/mmol) 5.0 μL

Sterile deionized water    16.0 μL

Exonuclease free Klenow fragment (2 U/ μL)     2.0 μL

Total volume    50.0 μL

The reaction was carried out at 37 ºC for 1 h and stopped by incubation at 95 ºC in a dry 

bath for 10 min and snap chilled on ice. 

2.8.7 Pre-hybridization and hybridization

Solutions:

20X SSC: 3 M NaCl; 0.3 M Sodium citrate (pH 7.0)

Hybridization buffer: 1% BSA; 1.0 mM EDTA, pH 8.0; 0.5 M Sodium phosphate, pH 8.0; 7% 

SDS

Low stringency wash buffer: 2 X SSC, 0.1% SDS

High stringency wash buffer: 0.2 X SSC, 1% SDS

The blots made as in sections 2.8.6.1 and 2.8.6.2 above were pre-hybridized at 62 ºC in 

30 mL of hybridization buffer for 6-8 h in a hybridization incubator (Robin Scientific, 

USA). The buffer was decanted and fresh buffer added with the denatured radiolabelled 

probe. Hybridization was carried out at 62 ºC for 14-18 h. The solution was discarded and 

the membrane washed with low stringency buffer at 55-65 ºC for 5 min followed by a 

high stringency wash at 55-65 ºC for 5 min. The moist blot was wrapped in saran wrap 
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and placed in the developing / intensifying screen provided with the Typhoon TRIO+ 

scanner. After 6-8 h of exposure, remove the membrane and scan the screen with 

Typhoon trio scanner system. One can increase the exposure time if the band intensity is 

weak. The membrane scanning is done usually in the resolution mode instead of 

sensitivity mode of the scanner. Good quality of band pictures can be obtained by 

scanning at 500 micron resolution with the system. This instrument will provide many 

more options and functions to get exquisite band pictures of the exposed membrane. 

After scanning the intensifying screen, the signals can easily be erased from it, upon 

exposure to a white light provided with the system for 10 min and the same screen can be 

used to develop the other membrane.

2.9 Construction and screening of genomic DNA library

Genomic DNA library was prepared using λ- ZAP II vector according to manufacturer’s 

guidelines (Stratagene). In Brief Genomic DNA was digested with Sau 3A restriction 

enzyme to generate approximately 8 to 10 kb fragments. Preliminary digestions were 

done to standardize the time and quantity of enzyme required to generate the required 

fragment of same size. Digested Genomic DNA was run on 0.8 % agarose gel and smear 

ranging from 8 to 10 kb was purified. Gel purified fragment were blunt ended and Eco RI 

adapters were ligated. These fragments were now ligated into λ-ZAP II vector (pre 

digested with Eco RI, and CIAP treated). The recombinant λ-ZAP II vectors were now 

packaged with packaging extract according to the manufacturer’s instructions. The 

packaged recombinant λ-ZAP II vector was used to transfect E.coli XL1-MRF strain. 

Twenty to thirty plates of 135 mm were plated according to transfection protocol 

discussed later. 

Plaques appeared after 8 to 10 h. 5 mL of SM buffer was poured in each plate and kept on 

shaker for two hours at 4 ºC. After two hours of incubation all SM buffer (refer 

Appendix) was pooled in one tube and kept at 4 ºC for further use (Plaques stable up to 6 

months at 4 ºC).

2.9.1 Preparation of cells for Transfection

Plates were poured with NZY bottom agar (refer Appendix) and tetracycline (12.5 μg/ 

mL of media). A single colony of E. coli XL–Blue MRF was inoculated in 5 mL of LB 
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media and kept on shaker overnight. 500 μL of this culture was taken and inoculated in 

50 mL LB media for further sub culturing for 4 h on shaker. 25 mL of culture was taken 

in autoclaved tubes; these steps were performed in laminar airflow unit to avoid 

contamination of cells. Cells were centrifuged at 5,000 g for 10 min, supernatant was 

discarded and pellet was washed gently, twice, with chilled 10 mM MgSO4. Pellet was 

dissolved in approximately 20 mL of chilled MgSO4. These cells were kept at 4 ºC for 

further use.

2.9.2 Transfection

500 μL of cultured cells were taken in micro-centrifuge tube and 1 µl of λ Phage 

representing genomic library of Leucaena leucocephala, was added, mixed gently and 

kept in incubator at 37 ºC for 15 min. In an autoclaved test tube 5 mL of melted top NZY 

media (containing 0.7 % agarose) and transfected bacterial cells were added and spread 

on plates having bottom NZY-agar media. These plates were kept in incubator at 37 ºC

for 8 h.

2.9.3 Plaques lifting

The Plates with a density of 4000 – 5000 plaques per plate were used for screening. 

Nylon membrane (Hybond-Amersham) was placed on the plate gently with the help of 

forceps. It was marked asymmetrically for alignment. The membrane was peeled off the 

plate gently and kept in denaturing solution (refer Appendix) for 2 min followed by in 

neutralization solution (refer Appendix) for 5 min. It was then kept in rinsing solution 

(2X SSC and 0.2 M Tris HCl) for 30 s. The membrane was air-dried for about 2 h and 

then baked in oven at 80 
o
C for 2h before pre hybridization.

2.9.4 Preparation of probe, pre-hybridization and hybridization

PCR was used (as described in section 2.8.4.10) to prepare radiolabelled probe (as 

described in section 2.8.6.3). dATP having α-P32 (3000 Ci/ mmol) was used as one of the 

dNTPs replacing normal dATP. Genomic DNA partial clone was used as a probe for 

screening purpose. After completion of PCR, tubes were kept at 99 °C for 10 min. Tube 

was snap chilled and used for hybridization.
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Pre-hybridization and hybridization was done as discussed in section 2.8.7 Necessary 

care was taken while working with radioactive dATP. Lab coat, spectacles, and gloves 

were used while working.

2.9.5 First, second and third round of screening

Plaques with positive signals were cut and resuspended in 200 l SM buffer with 10 l 

chloroform. These plaques represent the λ phage having gene of interest. Plaques were 

kept as such for 4 h and then centrifuged at 8,000 g for 2 min. Transfection was done 

with phage collected after first round of screening. Subsequent screening steps i.e. 

secondary and tertiary screenings were followed as in case of primary screening. Single 

plaque was amplified and kept for further experiments.

2.9.6 Single clone excision

For single clone excisions, following components were mixed in a Falcon 50 mL

polypropylene tube:

200 µL of XL1-Blue MRF cells (A600 = 1.0)

250 µL of phage stock (containing >1 × 105 phage particles)

1 µL of the ExAssist helper phage (supplied with Kit)

The mixture was incubated at 37 °C for 15 min to allow the phage to attach to the cells. 3 

mL of LB broth was added with supplements in the tube and was incubated for 2.5–3 h at 

37 °C with shaking. Tube was heated at 65–70 °C for 20 min to lyse the λ phage particles 

and the cells. It was centrifuged at 1,000 g for 15 min for pelleting the cell debris. 

Supernatant was saved in another sterile tube and transformation was done in freshly 

grown E. coli SOLR cells according to manufacturer’s instructions. Plasmid was isolated 

from colonies, which appeared on LB agar (Kanamycin 30 g/mL) plates and analysed.

2.10 Expression and purification of recombinant Protein

Heterologous expression and activity of lignin biosynthetic peroxidase (POX) gene was 

attempted in E.coli (BL21) host cell. The transformants were grown at 37 ºC in Luria –

Bertani medium containing kanamycin (50 μg/mL). A single isolated bacterial colony 

from freshly streaked plates (grown on LB agar medium containing 50 µg/mL 
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kanamycin) was used to inoculate 5 mL liquid LB medium containing the same 

concentrations of the antibiotic. Culture was grown overnight with shaking at 225 rpm at 

37 °C. One mL aliquot of each culture was used to inoculate 100 mL liquid cultures 

containing 50 µg/mL kanamycin. Once the cultures reached OD600 0.4 - 0.5, recombinant 

protein expression was induced by the addition of isopropyl β-D-thiogalactopyranoside 

(IPTG), and the culture was grown for 4 to 6 h at 37 °C with shaking at 150 rpm. Cells 

were harvested by centrifugation at 6,000 rpm for 10 min at 4 °C. Pellets were 

resuspended in 6.25 mL lysis buffer. Cells were disrupted by sonication for 5 mins at 70 

amplitude on a Sonifer Cell Disruptor. MgSO4 of final concentration of 10 mM and 

lysozyme of final concentration 100 µg/mL was added to the disrupted cell and kept at 37
oC for ½ h. It was centrifuged at 10,000 rpm for 10 minute and supernatant was saved as 

lysate and pellet was resuspended in 2 mL sonication buffer. Suspension was again 

sonicated for 1 min at  70 amplitude to disrupt the inclusion bodies and the disrupted 

inclusion bodies were dissolved in 3 mL of dispersion buffer and an aliquot of 20 µL 

checked on SDS PAGE (Chapter2: section 2. 10.3 and table: 2.6) to check heterologous 

expression of POX gene.

2.10.1 Protein isolation from inclusion body

Cells were isolated by centrifugation and resuspended in 100 mM potassium phosphate 

buffer, pH 7.5, containing 2 mM EDTA, 20% glycerol, 1.5 mM DTT, 1 mM PMSF and 

0.4% Triton. Lysozyme (0.5 mg/mL) was added, and the suspension was incubated at     

37 ºC. Bacterial cells were further lysed by sonication on ice with an MSE soniprep cell 

disrupter by using 20 pulses for 10 s with 20 s-cooling intervals. Cell debris was removed 

by centrifugation and the pellet was resuspended in sonication buffer which contain 100 

mM Tris (pH 8.0) and 50 mM glycine. Cells were sonicated once again for 5-6 pulses   

10 s on and 20 second cooling.

2.10.2 Affinity purification of recombinant protein Using Ni+ NTA beads

The recombinant protein, among several other bacterial proteins is loaded on affinity 

matrix column such as Ni-agarose. This affinity matrix contains bound metal ion nickel, 

to which the poly histidine-tag binds with micro molar affinity. The matrix is then 

washed with buffer to remove unbound proteins. This can be achieved either by 
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increasing the imidazole concentration in buffer or by lowering the pH of the washing 

and elution buffer. The column(s) and buffers were equilibrated to room temperature. The 

Ni+ beads column was equilibrated with binding buffer for 30 min and then three bed 

volume of binding buffer was passed through the column followed by addition of soluble 

protein in dispersion buffer. The column was kept at 4 ºC for 1 h for binding of 

recombinant protein to Ni+ beads. Flow through was collected in different tubes after 1 h 

and column was washed with two bed volume of washing buffer (chapter 2: section 

2.6.6). The washing efficiency may be improved by the addition of 20 mM imidazole and 

histidine-tagged proteins are then usually eluted with 150-300 mM imidazole. (Chapter 2: 

section 2.6.6, Tab 2.7). 6x His-tagged protein was eluted in 4 aliquots of elution buffer, 

0.5 mL each. Protein elution was monitored by measuring the absorbance at 280 nm of 

collected fractions. The eluted protein was separated and analyzed by SDS-PAGE.

2. 10.3 Polyacrylamide gel electrophoresis (PAGE)

PAGE system is the widely used electrophoresis system for protein separations 

(Laemmeli, 1970). The resolution in a Laemmeli gel is excellent because the treated 

peptides are stacked in a stacking gel before entering the separating gel.

2. 10.3.1 Preparation of the separating gel

A vertical slab gel (Hoeffer Scientific, U.S.A.) was assembled using 1.0 mm spacers. In a 

side armed vacuum flask, 10% separating gel solution was made according to Table 2.6, 

except for the addition of ammonium persulfate and TEMED. The solution was degassed 

by applying vacuum while stirring on a magnetic stirrer. TEMED and ammonium 

persulfate were added, and mixed gently without generating bubbles. The solution was 

pipetted into the gel cassette leaving 1.5 cm from the top unfilled. The gel solution was 

overlaid with water saturated n-butanol to remove trapped air bubbles and to layer evenly 

across the entire surface. When a sharp liquid-gel inter-surface was observed after the gel 

polymerization, the slab was tilted to pour off the overlay.

2. 10.3.2 Preparation of the stacking gel

Stacking gel solution was prepared according to Table 2.6, excluding ammonium per 

sulfate and TEMED. As in the separating gel, this solution was degassed. TEMED and 
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ammonium per sulfate were added, mixed and overlaid on the separating gel. A comb 

was inserted taking care not to trap air bubbles beneath the comb teeth. The gel was left 

to polymerize.

2. 10.3.3 Preparation of the sample

Equal parts of the protein sample and the loading buffer were mixed in a microcentrifuge 

tube and kept in a boiling water bath for 3-5 min for SDS-PAGE. Then the samples were 

centrifuged at 10,000 g for 10 min, supernatant collected and used for electrophoresis. 

Gel was run at room temperature at constant ampere 20 mA or 80 V. The protein samples 

for native PAGE were mixed with native dye and gel was run at 80 V at low temperature 

ranging from 4-10 ºC.

2. 10.3.4 Loading and running the polyacrylamide Gel

Once well, have been formed in the gel, flushed it with distilled water and drained off 

completely. The wells were filled with tank buffer and the samples under laid using a 

syringe. Lower and upper buffer chambers were filled with tank buffer. Voltage was set 

between 70-80 units. The run was stopped when the dye reached the bottom of the 

polyacrylamide gel.

2. 10.3.5 Silver staining of the gel

Protein separated on SDS or native PAGE, was transferred to the fixer solution for 1 h. 

This was followed by 2 x 20 min washes in 50% ethanol. The gel was transferred to 

sodium thiosulfate solution for 1 min and rinsed thrice with deionized H2O (20 s each). 

The gel was silver stained (HCHO was added to the solution just before use) for 20 min 

with intermittent shaking in dark. The gel was then rinsed thrice with deionized H2O (20 

s each) and transferred to the developer till the bands developed. The gel was washed 

with deionized H2O and stored in fixer.

2.11 Raising polyclonal antibody against POX in rabbit 

The purified recombinant Leucaena POX protein was used for raising polyclonal 

antibodies in rabbit (New Zealand White).
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2.11.1 Pre-treatment of serum

Rabbit immune serum (stored at -70 ºC), containing polyclonal antibodies against the 

antigen, was thawed overnight at 4 ºC. The Serum was kept at 55 °C for one hour and the 

immune serum was centrifuged at 12,000 g for 15 min at 4 ºC. Aliquots according to the 

requirements were made and stored at -70 ºC. Prior to use again antiserum was thawed 

overnight at 4 ºC.

2.11.2 Determination of titre of antibodies and ELISA

Buffers

1X Phosphate buffer saline (PBS): 8 gm NaCl; 1.44 g Na2HPO4; 0.24 g KCl; 0.200 g 

K2HPO4 in 1 L De-ionized water.

Wash Buffer (PBST): 1X PBS, 0.05% Tween 20 and 0.1% BSA

Antibody diluting buffer: 1X PBS and 0.25% BSA

Blocking reagent: 1% BSA in PBS

Substrate diluting buffer: 200 mM Tris-HCl, pH 9.5 and 10 mM MgCl2

All reagents were prepared in sterile milliQ water.

ELISA was performed to determine the titre of first, second and third bleed of rabbit 

serum. Equal quantity of antigen i.e 100 ng was coated in triplicates on ELISA plates and 

kept overnight at 4 °C. Next morning, the plate was washed with 250 µL of PBST, three 

times for 5 min and 300 µL of blocking reagent was added. The plate was wrapped in 

aluminium foil and kept at 37 °C for 2 h. ELISA plate was washed again as described 

earlier and challenged to different dilution of serum such as, 1:10000, 1:20000, 1:30000, 

1:40000, 1:60000, 1:80000 and 1:100000. All dilutions were in triplicates and plate was 

kept at 37 °C for 2 h again. Plate was washed as described earlier with PBST buffer and 

secondary antibodies (anti goat IgG against rabbit IgG) tagged with alkaline phosphatase 

was added to a dilution of 1:20000. Plate was incubated at 37 °C for two more hours. 

After 2 hours of incubation plate was washed with 250 µL of PBST, three times for 5 min 

and 100 µL of 1 mg/mL substrate (p- Nitro phenyl phosphate) was added and incubated 

for 45 min. Reaction was stopped by adding 10 mM EDTA. Once the antibody titre was 
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determined then a fixed dilution of antibodies was used for rest of the experiments.

2.11.3 Histology and Immuno-cytolocalization 

Free hand transverse sections were fixed overnight under vacuum in freshly prepared 

cold 4% buffered formaldehyde (4% paraformaldehyde in 1X PBS). The sections were 

dehydrated by passages through increasing ethanol: water series (30%, 50%, 70%, 85%, 

95% and 100% ethanol) for 30 min each. This was followed by passages through tertiary 

butanol: ethanol series (25:75, 50:50, 75:25, and 100:0). The sections were rehydrated by 

treating with 70% and 50% ethanol and 0.5X SSC for 2 min. The rehydrated sections 

were soaked in two changes of 1X PBS for 10 min each. Next, the sections were washed 

in 1X PBS containing 0.1% BSA for 5 min and subjected to 30 min of blocking with 10% 

BSA at room temperature in a humidified chamber. Post blocking washes included three 

washes of 15 min each with 1X PBS containing 0.1% BSA. Primary antibody incubation 

was carried out overnight in a humidified chamber at 4 ºC using 75 µL of diluted 

antibody (1 µg m/L) in 1 X PBS containing 0.1% BSA. Negative controls included either 

the use of pre-immune serum or the omission of both antibody and pre-immune serum. 

Following the primary antibody incubation, the sections were washed thrice for 15 min 

each in 1X PBS containing 0.1% BSA. A secondary antibody, 0.2% Anti-rabbit-IgG-goat 

alkaline phosphate conjugate antibody (diluted in 1X PBS with 0.1% BSA), was added to 

the tissue sections at this stage and incubated at 37 ºC in a humidified chamber for 2 h in 

dark. Post secondary antibody washes were carried out at room temperature using 1X 

PBS with 0.1% BSA. Color was developed in dark by addition of 60 µL of color 

development reagent (20 µL BCIP/NBT mix in color development buffer containing 10% 

polyvinyl alcohol) to the color development buffer (100 mM Tris, pH 9.5, 150 mM NaCl, 

50 mM MgCl2) treated slides. In present study we have got the ready to use BCIP/NBT 

solution therefore the volume from this solution was added sufficiently to submerge the 

sections in the watch glass.  The slides were placed in humidified (color development 

buffer) chamber at RT in dark for 45 min. Upon color development, 10 mM EDTA was 

used to stop the reaction, rinsed with water, air dried and cover slip-mounted using 

glycerol and then it was observed under microscope, and microscopic image captured.
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2.11.4 Phloroglucinol staining 

Free hand transverse sections were prepared for histochemistry as described above. 

Phloroglucinol staining was done by covering pretreated slide with phloroglucinol for 

half an hour and then concentrated HCl was added (Harris et al., 1980; Speer et al., 

1987). Lignified tissue takes red color. A cover slip mounted on the specimen using 

glycerol was sealed to the slide using nail enamel. The slides were viewed under a light 

microscope and pictures captured.

2.11.5 ELISA of peroxidase (POX) protein in different tissues of Leucaena 

leucocephala

Fresh tissues were collected, frozen in liquid nitrogen and crushed to a fine powder. 

Crude protein was extracted with 2 mL of protein extraction buffer. Total Protein was 

quantified using Bradford reagent. Equal amount of protein was coated on 96 well micro 

titer plates. Antigen (recombinant protein) was diluted in PBS to an optimal 

concentration and coated on 96 well micro-titer plate (100 µL/ well). Plate was incubated 

for 2 h at room temperature or over night at 4 ºC and washed twice with PBS after 

incubation. Non-specific sites were blocked with blocking buffer 300 µL/ well and 

incubated for 1h at room temperature. After washing out the unbound blocking agent 

with PBS, primary antibody (Anti rabbit IgG) was added and incubated for 1 h at room 

temperature. The unbound primary antibody was washed twice with PBS and secondary 

antibody conjugated with alkaline phosphatase was added and incubated for 2 h at room 

temperature. Enzyme specific substrate BCIP/ NBT or PNPP was added and incubated 

for 45 min for the color development and the absorbance was measured at 405 nm.  

2.12 Plant genetic engineering

2.12.1 Agrobacterium mediated tobacco transformation

The tobacco regeneration and transformation protocol is modified from Horch et al., 

(1985). Agrobacterium tumefaciens strain GV2260 harboring the binary plasmid vector 

to be transformed in tobacco was inoculated in 5mL YEP media containing rifampicin 

(250 mg L
-1

) and kanamycin (50 mg L
-1

). The culture was allowed to grow overnight at 

28 ºC with shaking at 200 rpm. Next day 1 mL inoculum from this tube was taken and 
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added to 50 mL YEP flask containing appropriate antibiotics. The culture was incubated 

at 28 ºC for 24 h with shaking at 200 rpm.  Fresh leaves were taken from axenic cultures 

of Nicotiana tabacum var. Anand 119 and ~ 6 mm diameter disc were punched out. The 

leaf discs were inoculated on MS medium agar plates containing 4.4 µM BAP and 5.37 

µM NAA (MSBN) and kept for 48 h in dark. A. tumefaciens GV2260 cells grown for 24 

h were centrifuged for 10 min at 5,000 g. Cells were suspended in 20 mL of 50 mM 

MgSO4 and 200 µM acetosyringone and allowed to stand for 10 min with intermittent 

shaking. The tobacco leaf discs from axenic tobacco cultures were co-cultivated in this 

suspension for 10 min with intermittent shaking. The leaf discs were then transferred to 

MSBN plates without any antibiotics. The adaxial side of the leaf disc was in contact 

with the medium. The plates were incubated in dark at 28 ºC. After two days the leaf 

discs were harvested, washed with liquid MSBN and dried on sterile filter paper. Up to 

10 leaf discs per plate were transferred to MSBN agar plates containing kanamycin (7.09 

µM) and cefotaxime (200 µM). The cultures were incubated at 25±2 ºC with 18/6 h

photoperiod in diffused light (24.4 µmol/m2 s-1). Leaf discs were sub-cultured every week 

till elongated shoots were excisable. Elongated shoots were excised and transferred to 

root induction medium. The rooted plants were hardened and further analyzed.

2.12.2 Genetic transformation of Leucaena leucocephala

One day old embryo axes without cotyledons were used as explants for transformation. 

Seeds of Leucaena imbibed in distilled water after scarification with concentrated 

sulphuric acid (7 min) and 1.5% sodium hypochlorite (10 min), were used to isolate 

embryos. Embryo axes were excised from the seeds and inoculated on regeneration 

medium [1/2-MS + TDZ (0.5 mg/ L)]. The embryos were then used for transformation. 

LD50 for Kanamycin was estimated in previous experiments.

The transformation was carried out by two methods:

          1) Particle bombardment 

          2) Particle bombardment followed by co-cultivation
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2.12.2.1 Particle bombardment

Calculated amount (approximately 500 µg) of gold particle of 1µm size and HTC 600-Au 

were used for bombardment.  The gold particles taken in microcentrifuge tubes were 

washed with sterile water and supernatant was decanted after centrifuging at 13,000 g for 

10 min. The washing of particles was repeated three times with 70% (freshly prepared) 

ethanol and supernatant was decanted after centrifuging at 13,000 g for 10 min. Again 

particles were suspended in 500 µL sterile water and were pelleted down after 

centrifuging at 13,000 g for 10 min. DNA (1.0 µg plasmid) was dissolved in 100 µL of 

TE buffer. DNA was added to the prepared gold particle and mixed by vortexing. 100 µL 

of 0.1 M spermidine was added to it and mixed by vortexing. 100 µg of PEG 3000 was 

added and mixed by vortexing; followed by addition of 100 µL of 2.5 M CaCl2 and 

incubated in ice bath for 10 min. It was then given a brief spin to settle down the sample 

at the bottom. The sample was resuspended in absolute ethanol and sonicated briefly to 

resuspend the particle and was used for bombardment. Particle bombardment was done 

using BioRad PDS 1000/ He system. Helium gas pressure (1100 psi) was used to 

bombard the particle. Microcarrier travel distance was adjusted to 3 or 6 cm. The embryo 

axes were arranged in the centre of the petridishes and bombarded twice at 4 h interval 

with gold particles coated with DNA (plasmid/cassette). The explants were incubated in 

dark for 72 h after the bombardment.

2.12.2.2 Particle bombardment followed by co-cultivation

The embryo axes were first bombarded with gold particles coated with DNA 

(plasmid/cassette) as mentioned above followed by co-cultivation with Agrobacterium

(GV2260) harboring pCAMBIA2301 containing POX gene in anti-sense orientation.

Cultured Agrobacterium cells were pelleted by centrifugation at 5,000 g for 5 min and 

resuspended in the YEM medium at a density of 3-5 × 109 cells/mL, considering the 

optical density of bacterial culture at 600 nm. The selected embryo axes after 

bombardment were co-cultured with Agrobacterium for one hour by immerging them 

into the bacterial suspension. The agro infected embryo axes were then transferred onto 

the regeneration medium [1/2-MS + TDZ (0.5 mg/L)] with or without 0.1 mM 

acetosyringone (3’, 5’-dimethoxy-4’-hydroxy-acetophenone; Sigma-Aldrich Chemical 
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Co.) and co-cultivated in the dark at 28 ± 2 °C for 3 days. After co-cultivation, the 

embryo axes were washed thoroughly with cefotaxime 250 mg/ L in sterile distilled water 

and transferred onto the regeneration medium [1/2- MS + TDZ (0.5 mg/ L)].

2.13 GUS histochemical assay

The GUS staining solution was prepared by taking 1 mM X-Gluc (5-bromo,  4chloro, 3-

indolyl-β-D-glucuronide: Cyclohexylammonium salt (X-GlcA) from a 20 mM stock 

made in dimethylformamide, 100 mM sodium dihydrogen phosphate dihydrate and 0.5% 

Tween-20. The pH of the solution was adjusted to 7.0 with 1N NaOH. The histochemical 

GUS assay was performed as described by Jefferson (1987) to monitor GUS gene 

expression in putative transgenic calli. The GUS assay was carried out on 10% of the 

randomly selected calli 48 h after co-cultivation (transient GUS assay) as well as, 21 days 

after co-cultivation. Embryo axes were immersed in GUS assay solution and incubated at 

28 ºC O/N. GUS gene expression was observed and photographed by using an Axioplan 4 

microscope from Carl Zeiss.

2.14 FTIR analysis

FTIR was done using Spectrum One, machine from Perkin Elmer, USA. Growing 

seedlings in normal condition were considered for this experiment to monitor any change 

in quality of lignin produced at different point of time. Spectrum One (Perkin Elmer, 

USA) is capable of analyzing powder as well as liquid samples. Powdered lignin samples 

were analysed according to the manufacturer’s recommendation.

Sample preparation

Developing seedlings (root and stem) were harvested at different time intervals and 

crushed to a fine powder in a mortar-pestle using liquid nitrogen. Powder was transferred 

to a glass crucible and kept at 80 C for two days to remove moisture. After drying it was 

again mixed to homogenize and passed through a filter to get uniform size particle. 

Sample (0.85 mg) was mixed with dried potassium bromide (85 mg). Mixture was made 

to a fine powder and pellet was made using KBr press (pellet making machine) and dye 

(10 mm mould for pellet). In brief, fine powder of sample and KBr was put in assembled 

dye apparatus and the dye was kept on KBr press machine. 10-ton pressure was applied 
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for 5 min and dye apparatus was dismantled to get KBr pellet. Pellet was used to take 

reading in Spectrum One FTIR instrument. A pellet of KBr and KBr + commercial lignin 

(Sigma, Germany) was also made for baseline correction and standard lignin 

respectively.

2.15 Lignin Estimation

A modified method from Luo (2008) was used for estimating lignin in transformed 

plants. The plant material is ground finely in a mortar and pestle and then dried in oven at 

55 oC. The pre-weighed dried tissue is extracted continuously with acetone:water (10:1) 

for 24 h at 55 oC. the solvent was discarded after a spin at 10,000 rpm for 5 min. H2SO4

(1 mL) was added and kept at 25 oC in shaking condition for 3 h. After 3 h the sample 

was diluted upto 3% H2SO4. The samples were autoclaved for 1 h. After cooling to RT 

the samples were filtered through Whatman paper no.3. The volume of filtrate was 

measured and after appropriate dilution, absorbance of the sample was taken at 205 nm. 

The residue was washed with water 2-3 times. The residue was then transferred to a pre-

weighed crucible. The residue was weighed after drying. The final weight of crucible was 

substracted from initial weight to give the final weight of residue. For determining acid 

insoluble lignin, the percentage weight of residue was calculated. Acid soluble lignin was 

calculated according to the given formula.

  Total lignin = Acid soluble lignin + Acid insoluble lignin.



CHAPTER 3   2
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3.1 Introduction

Lignin biosynthesis has been already discussed in detail in Chapter two of this thesis. The 

present chapter deals in detail regarding isolation, cloning and characterization of lignin 

biosynthetic peroxidase (POX) gene from L. leucocephala. 

There is considerable interest in the biotechnological modification of (woody) plant 

lignin content and composition, for reasons which are essentially threefold. One is to 

delineate the mechanism(s) of lignin assembly in different cell types (Lewis et al., 1999), 

whereas the other two include manipulating vascular plant biosynthetic pathways for 

improving the efficiency of pulp and paper making for quality, economic and 

environmental reasons and/or obtaining more readily digestible animal feed (Boudet, 

1998; O’Connell et al., 1998; Baucher et al., 2000; Anterola and Lewis, 2002a, b). In this 

regard, next to cellulose, lignin is nature’s second most abundant biopolymer in vascular 

plants.

3.1.1 Peroxidase (POX) as a candidate gene

Peroxidases are ubiquitous enzymes that catalyze oxidation of cellular components in the 

presence of H2O2. Most higher plants contain a number of peroxidase isozymes, which 

can be classified into two (anionic and cationic) or three (anionic, neutral, and cationic) 

subgroups according to their isoelectrophoretic mobilities, and these isozymes exist in 

cytosol, chroloplast, vacuole and cell wall (Lagrimini et al., 1987; Asada, 1992). Their 

physiological roles have been extensively investigated, and it has been demonstrated that 

they catalyze a variety of important reactions, such as indole-3-acetic acid catabolism 

(Hinman and Lang, 1965), suberization of cell wall (Christensen et al., 1998),

detoxification of H2O2 (Asada, 1992) and lignin biosynthesis (Espelie, 1986).

The peroxidase superfamily contains three main structural groups described as I, II and 

III. In terms of catalysis, all three groups can undergo a catalytic cycle involving 

oxidation of the heme group by hydrogen peroxide followed by reduction by various 

phenolic compounds [including lignin monomers thereby generating the corresponding 

free-radical species (Dunford, 1991; Anterola and Lewis, 2002)]. However, only the class 

I (ascorbate peroxidases) and class III forms are found in plants, with most plant species 

containing a large number of isoforms of the latter. However, members of the family 
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show large variations in pI and extent of glycosylation and substrate specificity; thus 

appears to be dependent upon residues at the active site and substrate access channel. The 

substrate preference for p-coumaryl and coniferyl alcohols over sinapyl alcohol has been 

proposed as the basis for a peroxidase involved in lignification (Ostergaard et al., 2000).

There have been very few substantiated reports of the biochemical consequences on 

lignin and cell wall assembly, as regards manipulation of processes controlling either 

monomer transport to lignin initiation sites or in the subsequent oxidative polymerization 

stages involving peroxidases. These are necessary to define further the strategies for 

global optimization of plant fibre production, and for further dissection of the lignin 

assembly process.

Isolation of a gene is the pre-requisite for its thorough study or characterization. To 

isolate any gene of interest generally there are two major approaches as follows:-

 Genomic/cDNA library screening- It is the classical method of gene isolation in 

which genomic/cDNA libraries are screened with homologous or heterologous 

probe. After 2-3 rounds of screenings, the plaques showing strong positive signals 

are excised and the DNA fragment sequenced.

 PCR – It is one of the most popular approaches of gene isolation because of its 

simplicity and rapidity. Forward and reverse primers are designed on the basis of 

available sequences in the database. PCR is performed using these primers and 

genomic/cDNA as template. The amplicon is sequenced to confirm its identity.

In the present study, both the methods were attempted to fish out the POX gene from 

Leucaena leucocephala.

3.2 Materials and methods

3.2.1 Genomic DNA extraction

Genomic DNA was extracted from L. leucocephala using the method given by Lodhi et 

al. (Chapter 2, Section 2.8.4.3).
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3.2.2  Restriction digestion of DNA

Plasmid and genomic DNA restriction digestions were set up as per manufacturer’s 

(Promega, USA; NEB, UK; Amersham, USA) recommendations (Chapter 2, Section 

2.8.4.4).

3.2.3 Bacterial strains and plasmids used in the study

Escherichia coli XL-1 blue (Stratagene, USA)

E. coli -XL1-Blue MRF (Stratagene, USA)

E. coli  SOLR (Stratagene, USA)

λ  ZAP II vector (Stratagene, USA)

pGEM-T Easy Vector Cloning vector (Promega, USA)

3.2.4 Construction and screening of genomic DNA library

Leucaena leucocephala genomic DNA library was constructed and screening was 

performed as mentioned in Chapter 2, Section 2.9.

3.2.5 Southern hybridization

Southern hybridization was done (Chapter2, Section 2.8.6.1) to establish the presence of 

POX gene and determine its copy number in L. leucocephala.

3.2.6 RNA isolation and cDNA first strand synthesis

Total RNA was isolated from L. leucocephala xylem tissue of stem (Chapter2, Section 

2.8.4.6); mRNA was purified from total RNA using oligotex dT resins (Chapter2, Section 

2.8.4.7) and cDNA Reverse Transcription (RT) 1st strand was synthesized (Chapter2, 

Section 2.8.4.9).

3.2.7 Polymerase Chain Reaction

PCR amplification was done using cDNA 1st strand or genomic DNA as template 

(Chapter2, Section 2.8.4.10). Amplified PCR products were eluted from Agarose gel 

(Chapter2, Section 2.8.4.5). The eluted PCR products were used for ligation into suitable 

vector. 
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3.2.8 Transformation and selection

The ligation mixture was used for transformation of E.coli XL1-Blue, host cell line. 

Putative transformants were selected using Blue-white screening by adding X-gal and 

IPTG. Colony PCR (Chapter2, Section 2.8.3) was done to screen the putative 

transformants. Plasmid was isolated from clones showing positive colony PCR results. 

The plasmid was restriction digested to check for the insert size and the insert was further 

sequenced to confirm its identity.

3.2.9 Bioinformatic analysis

The POX gene/nucleotide sequences available in the NCBI gene data bank were aligned 

and multiple sets of primers were designed from the conserved regions. Several sets of 

degenerate primers were also designed based on the conserved domains of the POX 

peptide sequences.

Nucleotide and amino acid sequence analysis was done using software pDRAW 32, 

ClustalX 1.8 and online bioinformatics analysis facility available at www.justbio.com, 

www.expasy.org and www.ncbi.nlm.nih.gov. Multiple alignments of the amino acid 

sequences were carried out with the Clustal W1.8 program 

(http://www.ebi.ac.uk/clustalw/). The evolutionary history was inferred using the 

Neighbor-Joining method (Saitou and Nei 1987). The bootstrap consensus tree inferred 

from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed 

(Felsenstein, 1985). Branches corresponding to partitions reproduced in less than 50% 

bootstrap replicates are collapsed. The evolutionary distances were computed using the 

Poisson correction method (Zuckerkandl and Pauling 1965) and are in the units of the 

number of amino acid substitutions per site. All positions containing gaps and missing 

data were eliminated from the dataset (Complete deletion option). Phylogenetic analyses 

were conducted in MEGA4 (Tamura, 2007).

3.2.10 Rapid Amplification of cDNA Ends (RACE)

RACE (Chapter2, Section 2.8.4.11) was done to fish out full length gene with its 5' and 3'

UTRs.
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3.2.11 Sequencing

DNA sequencing was performed with the ABI Prism Big- Dye Terminator Cycle 

Sequencing Kit on the ABI Prism 3730 DNA analyzer (Applied Biosystems) at 

GenomeBio Biotech Pvt. Ltd., Pune, Maharashtra, India.

3.2.12 Estimation of POX gene copy number

Genomic DNA was isolated from L. leucocephala using Lodhi et al. (1994) method. 

Gene copy number was estimated by Southern hybridization. DNA was digested with six

restriction enzymes, Hae III, Eco RI, EcoR V, Sma I, Dra I and Pme I. Four of these

enzymes, Eco RI, Hae III, Dra I and Pme I do not cut inside the gene while the other two

have one site in the gene. Southern hybridization was done using an approximately ~500

bp fragment (from 5’ region of POX coding region and UTR which hybridizes only with 

one fragment of EcoR V and Sma I digest) as probe at 62 C hybridization temperature 

(Sambrook et al., 1989). 

3.3 Results and discussion

3.3.1 PCR based method for POX gene isolation

3.3.1.1 Multiple sequence alignment of amino acid sequences of reported peroxidase 

(POX) proteins from Fabaceae 

POX protein sequences of Fabaceae members (Medicago sativa and Stylosanthes 

humilis) available at NCBI GenBank database were aligned using Clustal W (1.8) 

multiple sequence alignment software. Forward and reverse degenerate primers were 

designed from regions showing highest homology. The conserved regions selected for 

primer designing have been shown high-lighted yellow and green in Fig 3.1. In the figure 

(Fig 3.1), the conserved region, whose primers successfully enabled gene amplification is 

high-lighted yellow. Forward primers were designed from the regions VHFHDCFVQ & 

VSCADILALAA) and reverse primers were designed from VSCADILALAA & 

LNTTYLQTLRTICPNGGPG as shown in figure 3.1.
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>ALFPXDCMedicagosativa        MNSSFNLTLAALCCVVVVLG-G-LPFSSNAQLDNSFYRDTCPNVHSIVRE
>MSRNAPE1AMedicagosativa      ---MLGLSATAFCCMVFVLI-GGVPFS-NAQLDPSFYNSTCSNLDSIVRG
>SSNPEROXIBStylosanthes       -MRWFHVSVCNVVVVVAMLILGALPFSSHAQLDPSFYKNTCANVHSIVRG
>MSRNAPE1CMedicagosativa      ---MNSL-ATSMWCVVLLVVLGGLPFSSDAQLSPTFYSKTCPTVSSIVSN
>MSRNAPE1BMedicago            ---MNSLRAVAIALCCIVVVLGGLPFSSNAQLDPSFYRNTCPNVSSIVRE
                                     :    .     ::  * :*** .***. :** .**..: ***  

>ALFPXDCMedicagosativa        VLRNVSKTDPRILASLMRVHFHDCFVQGCDASILLNTTSTITSEQTAFGN
>MSRNAPE1AMedicagosativa      VLTNVSQSDPRMLGSLIRLHFHDCFVQGCDASILLNDTATIVSEQSAPPN
>SSNPEROXIBStylosanthes       VVRNVSKSDRRMLGSLMRLHFHDCFVQGCDGSILLNSTSSIVSEQGAAPN
>MSRNAPE1CMedicagosativa      VLTNVSKTDPRMLASLVRLHFHDCFVLGCDASVLLNNTATIVSEQQAFPN
>MSRNAPE1BMedicago            VIRSVSKKDPRMLASLVRLHFHDCFVQGCDASVLLNKTDTVVSEQDAFPN
                               *: .**:.* *:*.**:*:*******:***.*:*** * ::.*** *  *

>ALFPXDCMedicagosativa        NNSIRGLDVVNQIKTAVENACPNTVSCADILALAAEISSVLAHGPDWKVP
>MSRNAPE1AMedicagosativa      NNSIRGLDVINQIKTAVENACPNTVSCADILALSAEISSDLANGPTWQVP
>SSNPEROXIBStylosanthes       NNSIRGLDVVNQIKTAVENACPGVVSCADILALAAEISSVLAGGPNWKVP
>MSRNAPE1CMedicagosativa      NNSLRGLDVVNQIKLAVEVPCPNTVSCADILALAAQASSVLAQGPSWTVP
>MSRNAPE1BMedicago            RNSLRGLDVVNQIKTAVEKACPNTVSCADILALSAELSSTLADGPDWKVP
                               .**:*****:**** *** .**..*********:*: ** ** ** * **

>ALFPXDCMedicagosativa        LGRRDSLTANLTLANENLPSPAFNLSELKKNFDRQGLDTTDLVALSGAHT
>MSRNAPE1AMedicagosativa      LGRRDSLTANNSLAAQNLPAPTFNLTRLKSNFDNQNLSTTDLVALSGGHT
>SSNPEROXIBStylosanthes       LGRRDSLTANLTLANQKLPAPTFNLTQLISTFGNQTLNITDLVALSGAHT
>MSRNAPE1CMedicagosativa      LGRRDGLTANRTLANQNLPAPFNSLDQLKAAFTAQGLNTTDLVALSGAHT
>MSRNAPE1BMedicago            LGRRDGLTANQLLANQNLPAPFNTTDQLKAAFAAQGLDTTDLVALSGAHT
                               *****.****  ** ::**:*  .  .*   *  * *. ********.**

>ALFPXDCMedicagosativa        IGRGQCRFFVDRLYNFSNTGNPDPTLNTTYLQTLRTICPNGGPGSTLTDL
>MSRNAPE1AMedicagosativa      IGRGQCRFFVDRLYNFSNTGNPDSTLNTTYLQTLQAICPNGGPGTNLTDL
>SSNPEROXIBStylosanthes       IGRAQCRFFSSRLYNFSSSGNPDPSLNTTYLQTLRSIFPNGGPGNTLTNL
>MSRNAPE1CMedicagosativa      FGRAHCAQFVSRLYNFSSTGSPDPTLNTTYLQQLRTICPNGGPGTNLTNF
>MSRNAPE1BMedicago            FGRAHCSLFVSRLYNFSGTGSPDPTLNTTYLQQLRTICPNGGPGTNLTNF
                               :**.:*  * .******.:*.**.:******* *::* ******..**::

>ALFPXDCMedicagosativa        DPTTPDTFDSAYYSNLRIQKGLFESDQVLASTSGADTIAIVNSFNNNQTL
>MSRNAPE1AMedicagosativa      DPTTPDTFDSNYYSNLQVGKGLFQSDQELFSRNGSDTISIVNSFANNQTL
>SSNPEROXIBStylosanthes       DLTTPDTFDNKYFSNLQSLNGLLQSDQELFSTSGASSVSIVYSFSSNHTL
>MSRNAPE1CMedicagosativa      DPTTPDKFDKNYYSNLQVKKGLLQSDQELFSTSGADTISIVNKFSTDQNA
>MSRNAPE1BMedicago            DPTTPDKFDKNYYSNLQVKKGLLQSDQELFSTSGSDTISIVNKFATDQKA
                               * ****.**. *:***:  :**::*** * * .*:.:::** .* .::. 

>ALFPXDCMedicagosativa        FFEAFKASMIKMSKIKVLTGSQGEIRKQC---NFVNGNS-GLATKVIRE-
>MSRNAPE1AMedicagosativa      FFENFVASMIKMGNIGVLTGSQGEIRTQC---NAVNGNSSGLATVVTKE-
>SSNPEROXIBStylosanthes       FFEAFKASMIKMGNIGVLTGSLGEIQNSV---S-----------------
>MSRNAPE1CMedicagosativa      FFESFKAAMIKMGNIGVLTGTKGEIRKQCNFVNFVNSNSAELDLATIASI
>MSRNAPE1BMedicago           FFESFRAAMIKMGNIGVLTGNQGEIRKQC---NFVNSKSAELGLINVAS-
                               *** * *:****.:* ****. ***:..    .                 

>ALFPXDCMedicagosativa        --SSEDGIVSSYS
>MSRNAPE1AMedicagosativa      --SSEDGMASSFS
>SSNPEROXIBStylosanthes      -------------
>MSRNAPE1CMedicagosativa      VESLEDGIASVIS
>MSRNAPE1BMedicago            ADSSEEGMVSSMS

Fig 3.1: Multiple sequence alignment of peroxidase (POX) amino acid sequences of Fabaceae members

Medicago sativa and Stylosanthes humilis. Highlighted are conserved regions considered for primer 

synthesis.
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3.3.1.2 Multiple sequence alignment of nucleotide sequences of reported Peroxidase 

(POX) gene(s) from Fabaceae

POX gene nucleotide sequences of Fabaceae members (Medicago sativa and Stylosanthes 

humilis) available at NCBI GenBank database were aligned using Clustal W (1.8) 

multiple sequence alignment software. Forward and reverse primers were designed from 

regions showing highest homology. The conserved regions selected for primer designing 

has been shown high-lighted (yellow & green (Fig 3.2)); the conserved region, whose 

primers successfully enabled gene amplification is high-lighted yellow (Fig 3.2). 

>SSNPEROXIBStylosanthes       ATGAGGTGGTTTC---ATGTAAGTGTGTGTAATGTTGTGGT-TG-TTGTG
>MSRNAPE1AMedicagosativa      ------ATGCTTG---GTCTAAGTGCA-ACAGCTTTTTGCTGTA-TGGTG
>MSRNAPE1CMedicagosativa      ATGAACTCCTTA------GCAACTTCT-AT-GTGGTGTGTTGTGCTTTTA
>MSRNAPE1BMedicago            ATGAACTCCCTTC---GTGCTGTAGCA-ATAGCTTTGTGCTGTA-TTGTG
>ALFPXDCMedicagosativa        ATGAACTCTTCTTTCAATCTCACATTG-GCAGCTTTGTGCTGTG-TAGTG
                                                                  * ** * *  *  * 

>SSNPEROXIBStylosanthes       GCTATGCTCATTCTTGGAGCACTTCCATTTTCCTCACATGCACAGTTAGA
>MSRNAPE1AMedicagosativa      TTTGTGCTAATTGGAGGAGTACCC------TTTTCAAATGCACAACTAGA
>MSRNAPE1CMedicagosativa      GTTGTGCT---TGGAGGACTACCC---TTTTCCTCAGATGCACAACTTAG
>MSRNAPE1BMedicago            GTTGTGCT---TGGAGGGTTACCC---TTCTCTTCAAATGCGCAACTTGA
>ALFPXDCMedicagosativa        GTTGTGCT---TGGAGGGTTACCC---TTCTCTTCAAATGCACAACTTGA
                                 * ****   *   **   **        *  *** **** **  *   

>SSNPEROXIBStylosanthes       TCCATCATTTTACAAGAACACTTGTGCCAATGTGCATTCCATTGTTAGAG
>MSRNAPE1AMedicagosativa      TCCTTCATTTTACAACAGTACATGTTCTAATCTTGATTCAATCGTACGTG
>MSRNAPE1CMedicagosativa      TCCCACTTTTTACAGCAAAACGTGTCCAACTGTTAGTTCCATTGTTAGCA
>MSRNAPE1BMedicago            TCCATCCTTTTACAGGAACACTTGTCCAAATGTTAGTTCCATTGTTCGTG
>ALFPXDCMedicagosativa        TAATTCCTTCTATAGGGACACCTGTCCTAATGTTCATTCCATTGTTCGTG
                               *    * ** ** *     ** *** * * * *   *** ** **  *  

                                                                                                                    

                                            Amino acid sequence LHFDCFV
>SSNPEROXIBStylosanthes       GAGTTGTAAGAAACGTTTCAAAATCTGATCGAAGAATGCTTGGTAGTCTC
>MSRNAPE1AMedicagosativa      GTGTGCTCACAAATGTTTCACAATCTGATCCCAGAATGCTTGGTAGTCTC
>MSRNAPE1CMedicagosativa      ATGTCTTAACAAACGTTTCTAAGACAGATCCTCGCATGCTTGCTAGTCTC
>MSRNAPE1BMedicago            AAGTCATAAGGAGTGTTTCTAAGAAAGATCCTCGTATGCTTGCTAGTCTT
>ALFPXDCMedicagosativa        AAGTACTAAGGAATGTTTCTAAGACAGATCCTCGTATACTTGCTAGTTTG
                                 **  * *  *  *****  *    ****   * ** **** **** *

>SSNPEROXIBStylosanthes       ATGAGGCTCCACTTTCATGATTGTTTTGTTCAAGGTTGTGATGGATCGAT
>MSRNAPE1AMedicagosativa      ATCAGGCTACATTTTCATGACTGTTTTGTTCAAGGTTGCGATGCCTCGAT
>MSRNAPE1CMedicagosativa      GTCAGGCTTCACTTTCATGACTGTTTTGTTCTGGGATGTGATGCCTCAGT
>MSRNAPE1BMedicago            GTCAGGCTTCACTTTCATGACTGTTTTGTTCAAGGTTGTGATGCATCAGT
>ALFPXDCMedicagosativa        ATGAGAGTTCACTTCCATGATTGCTTTGTTCAAGGTTGTGATGCATCAAT
                                * **  * ** ** ***** ** *******  ** ** ****  ** *

>SSNPEROXIBStylosanthes       TTTGTTGAATAGCACAAGTAGCATAGTGAGTGAACAAGGTGCAGCTCCAA
>MSRNAPE1AMedicagosativa      TTTGCTGAACGATACGGCTACAATAGTGAGCGAGCAAAGTGCACCACCAA
>MSRNAPE1CMedicagosativa      TTTGCTGAACAATACTGCTACAATCGTAAGCGAACAACAAGCTTTTCCAA
>MSRNAPE1BMedicago            TTTACTAAACAAAACTGATACCGTTGTGAGTGAACAAGATGCTTTTCCAA
>ALFPXDCMedicagosativa        CTTGTTGAATACCACTTCGACGATTACGAGTGAGCAAACAGCTTTTGGAA
                                **  * **    **    *   *    ** ** ***   **      **

>SSNPEROXIBStylosanthes       ATAACAACTCAATAAGAGGCTTAGATGTTGTGAATCAGATCAAAACAGCT
>MSRNAPE1AMedicagosativa      ATAACAACTCCATAAGAGGTTTGGATGTGATAAACCAGATCAAAACAGCG
>MSRNAPE1CMedicagosativa      ATAACAACTCTCTAAGAGGTTTGGATGTTGTGAATCAGATCAAACTGGCT
>MSRNAPE1BMedicago            ACAGAAACTCATTAAGAGGTTTGGATGTTGTGAATCAAATCAAAACAGCT
>ALFPXDCMedicagosativa        ATAACAACTCAATAAGAGGTTTGGATGTTGTGAATCAAATCAAAACAGCA
                               * *  *****  ******* ** *****  * ** ** ******   ** 
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                            Amino acid sequence VSCADILAA
>SSNPEROXIBStylosanthes       GTAGAAAATGCTTGTCCTGGTGTTGTCTCTTGTGCTGATATTCTTGCACT
>MSRNAPE1AMedicagosativa      GTGGAAAATGCTTGTCCTAACACAGTTTCTTGTGCTGATATTCTTGCTCT
>MSRNAPE1CMedicagosativa      GTAGAAGTGCCTTGTCCTAACACAGTTTCTTGTGCTGATATTCTTGCACT
>MSRNAPE1BMedicago            GTGGAAAAGGCTTGTCCTAACACAGTTTCTTGTGCTGATATTCTTGCTCT
>ALFPXDCMedicagosativa        GTTGAAAATGCTTGTCCTAACACTGTTTCTTGTGCTGATATTCTTGCACT
                               ** ***    ********     ** ********************* **

>SSNPEROXIBStylosanthes       TGCAGCTGAGATTTCATCTGTTTTGGCTGGAGGTCCTAATTGGAAAGTTC
>MSRNAPE1AMedicagosativa      TTCTGCTGAAATATCATCTGATCTGGCAAATGGTCCTACTTGGCAAGTTC
>MSRNAPE1CMedicagosativa      TGCTGCTCAAGCATCCTCTGTTCTGGCACAAGGTCCTAGTTGGACGGTTC
>MSRNAPE1BMedicago            TTCTGCTGAATTATCATCTACACTGGCAGATGGTCCTGACTGGAAGGTTC
>ALFPXDCMedicagosativa        TGCTGCTGAAATTTCCTCTGTTCTGGCTCATGGTCCTGATTGGAAAGTGC
                               * * *** *    ** ***    ****    ******   ***   ** *

>SSNPEROXIBStylosanthes       CATTAGGGAGAAGAGATAGTTTAACAGCAAACTTAACCCTTGCTAATCAG
>MSRNAPE1AMedicagosativa      CATTAGGAAGAAGGGATAGTTTGACAGCAAATAATTCCCTTGCAGCTCAA
>MSRNAPE1CMedicagosativa      CTTTAGGAAGAAGGGATGGTTTAACCGCAAACCGAACACTTGCAAATCAA
>MSRNAPE1BMedicago            CTTTAGGAAGAAGAGATGGTTTAACGGCAAACCAGTTACTTGCTAATCAA
>ALFPXDCMedicagosativa        CATTAGGAAGAAGAGATAGTTTAACAGCAAATTTAACCCTTGCTAATGAA
                               * ***** ***** *** **** ** *****       *****   * * 

>SSNPEROXIBStylosanthes       AAACTTCCAGCTCCTACCTTCAATCTTACTCAACTCATCTCTACTTTTGG
>MSRNAPE1AMedicagosativa      AATCTTCCTGCCCCCACTTTCAACCTTACTCGACTAAAATCTAACTTTGA
>MSRNAPE1CMedicagosativa      AATCTTCCGGCTCCATTCAATTCCTTGGATCAACTTAAAGCTGCATTTAC
>MSRNAPE1BMedicago            AATCTTCCAGCTCCTTTCAATACTACTGATCAACTTAAAGCTGCATTTGC
>ALFPXDCMedicagosativa        AATCTTCCTAGTCCCGCTTTCAACCTTAGTGAACTGAAAAAAAACTTTGA
                               ** *****    **               *  *** *        ***  
  >SSNPEROXIBStylosanthes       TAATCAAACCCTCAACATAACTGATCTAGTTGCACTCTCAGGTGCTCATA
>MSRNAPE1AMedicagosativa      TAATCAAAACCTCAGTACTACTGATCTAGTTGCACTCTCAGGTGGCCATA
>MSRNAPE1CMedicagosativa      TGCTCAAGGCCTCAATACTACTGATCTAGTTGCACTCTCGGGTGCTCATA
>MSRNAPE1BMedicago            TGCTCAAGGTCTCGATACTACTGATCTGGTTGCACTCTCCGGTGCTCATA
>ALFPXDCMedicagosativa        TAGACAAGGTCTGGACACTACAGATCTAGTTGCACTTTCAGGTGCTCATA
                               *   ***   **    *  ** ***** ******** ** ****  ****

>SSNPEROXIBStylosanthes       CAATTGGAAGAGCTCAATGCAGATTTTTCAGCAGCAGATTATACAATTTC
>MSRNAPE1AMedicagosativa      CAATTGGAAGAGGTCAATGCAGATTTTTCGTTGATCGATTATACAATTTC
>MSRNAPE1CMedicagosativa      CATTTGGAAGAGCTCATTGCGCACAATTTGTTAGTCGATTGTACAACTTC
>MSRNAPE1BMedicago            CATTTGGAAGAGCTCATTGCTCTTTATTTGTTAGCCGATTGTACAACTTC
>ALFPXDCMedicagosativa        CAATTGGTAGAGGTCAATGCAGATTCTTCGTTGATCGATTATACAATTTC
                               ** **** **** *** ***      **        **** ***** ***

>SSNPEROXIBStylosanthes       AGCAGCAGTGGAAACCCTGATCCAAGTTTGAACACAACCTACCTACAAAC
>MSRNAPE1AMedicagosativa      AGCAACACTGGAAACCCCGATTCAACTCTTAACACGACCTATTTACAAAC
>MSRNAPE1CMedicagosativa      AGCAGTACTGGAAGTCCCGATCCAACTCTTAACACAACTTACTTACAACA
>MSRNAPE1BMedicago            AGCGGTACGGGAAGTCCCGATCCAACTCTTAACACAACTTACTTACAACA
>ALFPXDCMedicagosativa        AGCAATACTGGAAATCCCGATCCAACTCTCAACACAACCTACTTACAAAC
                               ***  *  ****  ** *** *** * * ***** ** **  *****  
  

                           Amino acid sequence CPNGGPG
>SSNPEROXIBStylosanthes       ACTTAGATCAATTTTCCCCAATGGTGGACCAGGGAATACCCTCACCAATT
>MSRNAPE1AMedicagosativa      ATTGCAAGCAATATGTCCCAATGGTGGACCTGGTACAAACCTAACCGATT
>MSRNAPE1CMedicagosativa      ACTGCGCACAATATGTCCCAATGGTGGACCTGGCACAAACCTTACCAATT
>MSRNAPE1BMedicago            ATTGCGCACAATATGTCCCAATGGTGGACCTGGCACGAACCTTACCAATT
>ALFPXDCMedicagosativa        ATTGAGAACAATATGTCCCAATGGTGGACCTGGTAGCACCCTCACTGATT
                               * *     ****    ***************** * * *** **  ***

>SSNPEROXIBStylosanthes       TGGACCTAACAACACCTGACACATTTGACAACAAATACTTCTCCAATCTT
>MSRNAPE1AMedicagosativa      TGGACCCAACCACACCAGATACATTTGACTCCAACTACTACTCCAATCTC
>MSRNAPE1CMedicagosativa      TCGATCCAACGACTCCTGATAAATTTGACAAGAACTATTACTCCAATCTT
>MSRNAPE1BMedicago            TCGATCCAACGACTCCTGATAAATTTGACAAGAACTATTACTCTAATCTT
>ALFPXDCMedicagosativa        TGGATCCAACCACTCCAGATACATTCGACTCGGCCTACTATTCAAACCTA
                               * ** * *** ** ** ** * *** ***      ** *  ** ** ** 

>SSNPEROXIBStylosanthes       CAATCTCTGAATGGATTGCTTCAGAGCGATCAAGAGCTTTTCTCCACAAG
>MSRNAPE1AMedicagosativa      CAAGTTGGAAAGGGCTTGTTTCAGAGTGACCAAGAGCTTTTTTCCAGAAA
>MSRNAPE1CMedicagosativa      CAAGTGAAAAAGGGTTTGCTCCAAAGTGATCAAGAGTTGTTCTCAACTTC
>MSRNAPE1BMedicago            CAAGTGAAAAAAGGTTTGCTTCAAAGTGATCAAGAGTTGTTCTCAACATC
>ALFPXDCMedicagosativa        AGGATTCAAAAAGGCTTGTTTGAGAGTGACCAAGTATTGGCTTCCACAAG
                                        ** ** *** *  * ** ** ****   *    ** *    
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>SSNPEROXIBStylosanthes       TGGTGCATCCTCGGTTAGCATTGTCTACAGTTTCAGCAGTAACCATACTC
>MSRNAPE1AMedicagosativa      TGGTTCTGACACTATTTCTATTGTCAATAGTTTCGCCAATAATCAAACTC
>MSRNAPE1CMedicagosativa      TGGTGCAGATACCATTAGCATTGTCAACAAATTCAGCACCGATCAAAATG
>MSRNAPE1BMedicago            TGGTTCAGATACCATTAGCATTGTCAACAAATTCGCAACCGATCAAAAAG
>ALFPXDCMedicagosativa        TGGCGCGGACACGATTGCCATTGTCAATAGTTTCAACAACAACCAAACTC
                               ***  *     *  **   ****** * *  ***   *   * ** *   

>SSNPEROXIBStylosanthes       TCTTCTTTGAGGCATTTAAGGCTTCAATGATTAAGATGGGTAACATTGGA
>MSRNAPE1AMedicagosativa      TCTTCTTTGAAAATTTTGTAGCCTCAATGATAAAAATGGGTAATATTGGA
>MSRNAPE1CMedicagosativa      CTTTCTTTGAGAGCTTTAAGGCTGCAATGATTAAAATGGGCAATATTGGT
>MSRNAPE1BMedicago            CTTTTTTTGAGAGCTTTAGGGCTGCTATGATCAAAATGGGAAATATTGGT
>ALFPXDCMedicagosativa        TTTTCTTTGAAGCTTTTAAGGCCTCAATGATTAAAATGAGTAAAATTAAG
                                 ** *****    ***   ** * ***** ** *** * ** ***   

>SSNPEROXIBStylosanthes       GTTCTAACTGGCTCTCTAGGAGAAATTCAGAACTCAGTGTAACTTTGT--
>MSRNAPE1AMedicagosativa      GTTTTAACTGGATCTCAAGGTGAAATT-AGAACACAGTGTAATGCTGT--
>MSRNAPE1CMedicagosativa      GTGCTAACAGGGACAAAAGGAGAGATT-AGAAAACAATGCAACTTTGTGA
>MSRNAPE1BMedicago            GTGTTAACCGGGAACCAAGGAGAGATT-AGAAAACAATGCAACTTTGT--
>ALFPXDCMedicagosativa        GTGTTAACTGGATCTCAAGGTGAAATT-AGAAAACAATGTAACTTTGT--
                               **  **** **      *** ** *** ****  ** ** **   ***  

>SSNPEROXIBStylosanthes       -------TAATGCCAACTCTTC------TGGATTGCCTACTTTTGCTACT
>MSRNAPE1AMedicagosativa      -------GAATGGGAATTCTTC------TGGATTGGCTACTGTAGTCACC
>MSRNAPE1CMedicagosativa      ACTTTGTGAACTCAAATTCTGCAGAACTAGATTTAGCCACCATAGCATCC
>MSRNAPE1BMedicago            -------TAATTCAAAATCAGCAGAACTTGGTCTTATCAATGTTGCCTC-
>ALFPXDCMedicagosativa        -------TAATGGAAATTCTG---------GTCTTGCCACTAAAGTCATC
                                       **    ** **              *    *     *     

>SSNPEROXIBStylosanthes       AGAGTAGAAGGAGAAGGAGGTGTTACTATTACTTCAGTCTAAAAAGGTTA
>MSRNAPE1AMedicagosativa      AAA---GAATCATCAGAAGATGGAATGGCTAGCTCATTCTAA--------
>MSRNAPE1CMedicagosativa      ATAGTAGAATCATTAGAGGATGGTATTGCTAGTGTAATATAA--------
>MSRNAPE1BMedicago            --AGCAGATTCATCTGAGGAGGGTATGGTTAGCTCAATGTAA--------
>ALFPXDCMedicagosativa        ---AGAGAGTCGTCAGAGGATGGTATTGTTAGCTCATACTAA--------
                                     **       *  *  *  *    **    *   ***       

Figure 3.2: Multiple sequence alignment of peroxidase (POX) nucleotide sequences of Fabaceae members

Medicago sativa and Stylosanthes humilis. Highlighted are conserved regions considered for primer 

synthesis.

The nucleotide sequences of the POX gene from Fabaceae were aligned using Clustal W 

1.8 program. The nucleotide sequences corresponding to conserved regions (high-

lightened in Fig 3.1 and Fig 3.2) were selected to design forward and reverse primers.

Though the amino acid seems conserved in the selected regions (Figure 3.1), their 

nucleotide counter parts donot show much homology (Figure 3.2). In an attempt to design 

an unambiguous primer, the codon usage table for L. leucocephala was used and the 

nucleotide bases were modified at the wobble positions.

3.3.1.3 Forward and reverse primers

Forward (Raj3F): 5’ ATG CTT GGT AGT CTC ATG AGG CTC CAC TTT CAT GA 3’

Reverse (Super3R): 5’ AGC AGC AAG TGC AAG AAT ATC AGC ACA AGA 3’
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3.3.1.4 Genomic DNA extraction

Genomic DNA was isolated (Fig 3.3) by using the protocol of Lodhi et al., (1994) as 

mentioned in Chapter 2, Section 2.8.4.3. The concentration of the gDNA was measured 

by spectrophotometer as mentioned in Chapter 2, Section 2.8.4.8.  PCR was performed 

using 100 ng of good quality of gDNA as the template. All possible primer combinations 

and cycling parameters were tried. None of the reactions gave a positive result. 

Figure 3.3: Leucaena leucocephala genomic DNA (lanes 1 to 5) resolved on 0.7% agarose gel.

3.3.1.5 Isolation of total RNA from L. leucocephala, its cDNA synthesis and PCR

RNase free environment was created and maintained as described, the glassware and 

plasticware were treated overnight with DEPC (0.1% in water) and autoclaved. The 

pestle and mortar were also DEPC treated and then baked at 300 ºC for 6 h. 

Total RNA (Fig.3.4) was isolated from xylem tissue of field grown plants or from in vitro

grown seedlings of L. leucocephala (as mentioned in Chapter 2, Section 2.8.4.6) and 

purified mRNA (as mentioned in Chapter 2, Section 2.8.4.7) was used for cDNA 1st

strand synthesis (as mentioned in Chapter 2, Section 2.8.4.9).
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Fig 3.4: Total RNA isolated

denaturing gel. 

3.3.1.6 PCR amplification of partial cDNA fragments of 

leucocephala

Primers Raj3F and Super3R

fragment of POX gene, using cDNA 1

was cloned in pGEM-T Easy vector

sequencing (Fig 3.6). This partial clone will be 

discussions. The LlPOXA

members Medicago sativa
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isolated from xylem tissue (lanes 1 to 4) of L. leucocephala, resolved on 1% 

denaturing gel. Arrows indicates both 28s RNA and 18s RNA bands

amplification of partial cDNA fragments of POX

Super3R (mentioned in section 3.3.1.3) were used to amplify 222 bp 

using cDNA 1st strand as the template (Fig 3.5A

T Easy vector; confirmed by restriction analysis

This partial clone will be referred as LlPOXA in the subsequent 

LlPOXA showed maximum homology (>80 to 90%) with the Fabaceae 

Medicago sativa, Stylosanthes humulis.

ation of POX genes
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resolved on 1% 

bands.

POX gene from L.

) were used to amplify 222 bp 

A). The fragment 

; confirmed by restriction analysis (Fig 3.5B) and 

in the subsequent 

showed maximum homology (>80 to 90%) with the Fabaceae 
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Fig 3.5A: PCR amplification product of 222 bp fragment (designated as LlPOXA) separated on 1.5% 

agarose gel. Lane 1- marker, lane 2 non-template control and lane 3 amplified product. Fig 3.5B LIPOXA 

releasing 222 bp insert when digested with Eco RI, lane 1- marker, lane 2- cloned 222 bp insert in LIPOXA

Fig 3.6: Nucleotide sequence of partial peroxidase clone LlPOXA, highlighted regions show primer 
sequences.

3.3.2 Slot Blot Hybridization

The genome size of L. leucocephala has ~1.81 pg of DNA per haploid genome. 1.8 pg 

corresponds to a single representation of L. leucocephala genomic DNA, 0.18 µg 

representing the genome 1x105 times (Fig 3.7 A1 to A12) was spotted on Hybond N+

membrane (Amersham, USA). The POX cDNA clone LlPOXA (222 bp; Section 3.3.1.6) 

was spotted as standard dilutions representing 1x105, 2x105, 3 x105, 4 x105, 5 x105 and 6
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x105 copies in duplicates. The blot was probed with the radio-labelled LlPOXA gene. 

Positive signal obtained under high stringency hybridization conditions was indicative of 

the presence of the POX gene in L. leucocephala. Based on signal intensity it was also 

inferred that in L. leucocephala POX belonged to a gene family represented possibly by 3

to 4 members (Fig 3.7).

Fig. 3.7: Slot Blot Hybridization for POX gene in L. leucocephala: Slot Blot of L. leucocephala genomic

DNA hybridized with radio-labelled LlPOXA. Lanes A1 to A12 represents genomic DNA of L. 

leucocephala once (1x105). Lane B1, B2, B3, B4, B5 and B6 signals from 1x105, 2x105, 3 x105, 4 x105, 5 

x105 and 6 x105 copies in duplicates of LlPOXA gene. From the figure we can possibly infer that POX gene 

may occur in 3 to 4 copies

3.3.3 Gene copy number by Southern Hybridization

To further validate the results from slot blot experiment and to understand the distribution 

of the POX gene in the L. leucocephala genome, Southern hybridization was performed

(Chapter 2, Section 2.8.6). A 25 µg aliquot of L. leucocephala genomic DNA was 

restriction digested individually with six restriction enzymes, Dra I, Eco RI, EcoR V, 

Hae III, Sma I, and Pme I (Fig 3.8A). Four enzymes, Dra I, Eco RI, Hae III and Pme I do

not cut inside the gene while the other two have one site within the gene. As shown in Fig 

3.8B, four bands were detected in the Dra I, Eco RI, Hae III and Pme I digests, while the 

other two doesn’t show any distinct bands, may be due to the reason that bands may be 

very small and of low intensity, which is not seen in blot. Southern hybridization was 

done using a part of coding region and part of 5’ UTR (Section 3.3.5.1). Post 

hybridization membrane was exposed on intensifying screen. The screen was scanned for 

signal development using a very robust and much sensitive Typhoon TRIO+ scanner. An 
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approximately 500 bp fragment was used as a probe for hybridization at 62 °C. Banding 

pattern in Southern hybridization suggested that at least 4 copy of POX gene is present in 

L. leucocephala genome, as four bands are observed in wells digested with Dra I, Eco RI, 

Hae III and Pme I and subjected to Southern hybridization (Fig 3.8B).

Figure 3.8: A. 0.7% agarose gel showing L. leucocephala gDNA digested with EcoR V (lane 1), Sma I 

(lane 2), Dra I (lane 3), Eco RI (lane 4), Hae III (lane 5), and Pme I (lane 6). B. Southern hybridized 

signals of the above mentioned gel scanned using Typhoon TRIO+ scanner. Arrows indicate hybridization 

signals with respective enzymes.

3.3.4 Screening of genomic DNA Library:

To fish out the full-length genomic clone of POX gene, the next option (first PCR 

amplification using gDNA as template, mentioned in section 3.3.1.4) was, screening of 

Leucaena genomic DNA library. The partial 222 bp cDNA fragment was used to screen

Leucaena genomic DNA library prepared in λ phage (ZAP II, Stratagene) as mentioned 

in section 3.2.4. The average size of gDNA fragments cloned was standardizing by time-

course reaction (Fig. 3.9) and fragments of size between 8 to 10 kb were selected for 
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making the library as mentioned in section 3.2.4. Screening was performed on 10 plates 

with an average of 5000 plaques as described in section 3.2.4.3 (plaques lifting), section 

3.2.4.4 (preparation of probe, pre-hybridization and hybridization), section 3.2.4.5 (first, 

second and third round of screening, (Fig. 3.10)) and section 3.2.4.6 (single clone 

excision). Secondary and tertiary screening was performed at a higher hybridization 

temperature (62 °C). The positive plaques from tertiary screening were cut individually 

and excision was performed according to the manufacturer’s protocol. After sequencing it 

was confirmed that, none of the plaques contains peroxidase, the gene of interest. 

Next step was to fish out full-length gene, using the available information of partial 

cDNA sequence of LlPOXA (section 3.3.1.6), showing significant similarity with known 

POX sequences. Hence, decided to proceed with RACE reactions.

Fig 3.9: Time course reaction of L. leucocephala gDNA with Sau 3AI enzyme. Lanes 1 to 10 DNA 

samples at different time intervals of digestion. Arrows indicate the region of DNA taken for library 

construction.

Fig 3.10: A representation of primary (A), secondary (B) and tertiary (C) round of screening of plaques 

from the gDNA library prepared in λ ZAP II vector. Arrows indicate plaques showing signals after 

southern hybridization.
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3.3.5 Rapid Amplification of cDNA Ends (RACE)

Primers Raj3F and Super3R (mentioned in section 3.3.1.3) used to amplify LlPOXA 

fragment (222 bp; Section 3.3.1.6) using cDNA 1st strand as template was used for RACE 

reactions.

        Raj3F

   1 ATGCTTGCTA GTCTCGTCAG GCTTCACTTT CATGACTGTT TTGTTCTGGG

  51 ATGTGATGCC TCAGTTTTGC TGAACAATAC TGCTACAATC GTAAGCGAAC

101 AACAAGCTTT TCCAAATAAC AACTCTCTAA GAGGTTTGGA TGTTGTGAAT

151 CAGATCAAAC TGGCTGTAGA AGTGCCTTGT CCTAACACAG TTTCTTGTGC

201 TGATATTCTT GCACTTGCTG CT

Super3R

3.3.5.1   5’ RACE reaction

5’ Rapid amplification of cDNA ends was performed using gene specific reverse primer 

((Super3R) 5’ AGC AGC AAG TGC AAG AAT ATC AGC ACA AGA 3’) and 

5’Generacer forward primer provided with the kit, as described in Chapter 2, Section 

2.8.4.11. In this reaction 5’ RACE ready cDNA was used as the template. The above 

RACER product was diluted (1:50) and secondary PCR was done using Super3R and a 

nested 5’ GeneRacer primer provided with the kit. Agarose gel electrophoresis analysis

revealed an amplification product of approximately 500 bp as depicted in figure 3.11A. 

This amplicon was cloned in pGEMT-Easy vector (Promega, USA) and the resulting 

construct was confirmed by EcoRI restriction analysis (Figure 3.11B) and by sequencing.

The analysis of the sequenced product revealed the exact size of the amplicon to be 477 

bp. The 5’ GeneRacer nested primer and gene specific reverse primer sequences are 

underlined (Fig 3.12). The 5’ UTR region is shown highlighted in yellow (67 bp) and the 

start codon (ATG) is highlighted blue (Fig 3.12). The partial 5’ coding sequence of POX

gene obtained from 5’ RACE reaction is 384 bp.
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Fig 3.11: A 1% agarose gel showing primary 

control and lane 3 ~500 bp 5’RACE product. 

releasing ~500 bp fragment in 

        (5’NUP)
  1 GGACACTGAC ATGGACTGAA GGAGTA

  51 CTCTCTTATC CTTTATTGTT GTTCTCAGTT TCAAGCTCCA GCT

101 CCCTTACCCA TTTCTTCTTA CTTGCATTGT CTGTTCTTTC TCTCTTTGCT

151 TCTTCTTCCA ATGCTCAGCT CTCTCCCAAC TTCTACGCCA GATCTTGCCC

201 TAACGTCCGG GCCATTGTTC GCAACACAAT GAGGCAAGCT CTCGCCCGAG

251 AAGCCCGCCT TGGCGCCTCC ATCCTCCGCC TCCTCTTCCA CGACTGCTTC

301 GTCAATGGTT GTGAC

351 CGGAGAGAAA AACGCCGGCC CCAACCAGTC TGCAAGAGGC TATGAAGTGA

401 TTGATGCTAT CAAAACCAAC GTGGAAGCTG CCTGCAGGGG CACTGTG

451 TGTGCTGATA TTCTTGCACT TGCTGCT

                                      Reverse primer 

Fig 3.12: Sequence analysis of 5’ RACE product

underlined, 5’ UTR region shown highlighted in yellow, start codon (ATG) highlighted blue and rest 

coding region of POX gene 384 bp
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1% agarose gel showing primary 5’RACE product. Lane 1- marker, lane 2

control and lane 3 ~500 bp 5’RACE product. B EcoRI digested recombinant pGEMT

in lanes 2 & 3, lane 1- marker.

GGACACTGAC ATGGACTGAA GGAGTAGAAA AATTCTTCAT 

CTCTCTTATC CTTTATTGTT GTTCTCAGTT TCAAGCTCCA GCT

CCCTTACCCA TTTCTTCTTA CTTGCATTGT CTGTTCTTTC TCTCTTTGCT

TCTTCTTCCA ATGCTCAGCT CTCTCCCAAC TTCTACGCCA GATCTTGCCC

TAACGTCCGG GCCATTGTTC GCAACACAAT GAGGCAAGCT CTCGCCCGAG

CGCCT TGGCGCCTCC ATCCTCCGCC TCCTCTTCCA CGACTGCTTC

GTGACGCCGG AATCCTCCTA GACGACACCG CAAGCTTCAC

CGGAGAGAAA AACGCCGGCC CCAACCAGTC TGCAAGAGGC TATGAAGTGA

TTGATGCTAT CAAAACCAAC GTGGAAGCTG CCTGCAGGGG CACTGTG

TGTGCTGATA TTCTTGCACT TGCTGCT

Reverse primer (Super3R)

Sequence analysis of 5’ RACE product of POX gene: Primers (5’ NUP & Super3R

shown highlighted in yellow, start codon (ATG) highlighted blue and rest 

384 bp.

ation of POX genes
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marker, lane 2- non-template 

pGEMT-Easy vector 

GAAA AATTCTTCAT CTTCTTTCTT

CTCTCTTATC CTTTATTGTT GTTCTCAGTT TCAAGCTCCA GCTATGGCTT

CCCTTACCCA TTTCTTCTTA CTTGCATTGT CTGTTCTTTC TCTCTTTGCT

TCTTCTTCCA ATGCTCAGCT CTCTCCCAAC TTCTACGCCA GATCTTGCCC

TAACGTCCGG GCCATTGTTC GCAACACAAT GAGGCAAGCT CTCGCCCGAG

CGCCT TGGCGCCTCC ATCCTCCGCC TCCTCTTCCA CGACTGCTTC

GCCGG AATCCTCCTA GACGACACCG CAAGCTTCAC

CGGAGAGAAA AACGCCGGCC CCAACCAGTC TGCAAGAGGC TATGAAGTGA

TTGATGCTAT CAAAACCAAC GTGGAAGCTG CCTGCAGGGG CACTGTGTCT

5’ NUP & Super3R) shown 

shown highlighted in yellow, start codon (ATG) highlighted blue and rest is 5’ 
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3.3.5.1.1   Deduced amino acids of 5’ RACE coding region

M A S L T H F F L L A L S V L S L F A S S S N A Q L S P N F Y A R S C P N V R A 

I V R N T M R Q A L A R E A R L G A S I L R L L F H D C F V N G C D A G I L L D 

D T A S F T G E K N A G P N Q S A R G Y E V I D A I K T N V E A A C R G T V S 

C A D I L A L A A

3.3.5.2   3’ RACE reaction

To isolate the 3’ sequence of the POX gene, 3’ RACE reaction was performed (as 

described in Chapter 2, Section 2.8.4.11) using a forward gene specific primer ((Raj3F) 

5’ ATG CTT GGT AGT CTC ATG AGG CTC CAC TTT CAT GA 3’) designed from 

LlPOXA (section 3.3.1.6) and a reverse 3’GeneRacer primer provided with the kit. 3’ 

RACE ready cDNA was used as the template. The RACE reaction resulted in an

amplified product of approximately 1.2 Kb; which was further re-amplified using Raj3F 

and 3’ nested universal primer (3’NUP- is provided with kit). The resultant PCR product 

(Fig 3.13A) was cloned into pGEMT-Easy vector (Promega, USA) and the recombinant

construct was confirmed by Eco RI restriction analysis (Fig 3.13B) and by sequencing.

. 

Fig 3.13: A 1% agarose gel showing 3’RACE product. Lane L- marker, lane 1 & 2 is ~1.2 kb 3’RACE 

product. B Lane L- marker, Eco RI digested recombinant pGEMT-Easy vector releasing ~ 1.2 kb fragment

in lanes 2 & 3.

L                 1                2

3 kb vector

~1.2 kb 3’RACE
product

1000  bp

L         1        2         

~1200 bp 

A
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The analysis of the sequenced 3’RACE product revealed 297 bp 3’ UTR region, which is 

shown highlighted in blue (Fig 3.14) and the stop codon (TGA) is highlighted pink. The 

primary cleavage site selection in pre- mRNA (CP Joshi, 1987) is highlighted yellow.

The poly-A tail of mRNA is shown underlined and the 3’NUP is shown in red letters (Fig 

3.12).

    1 GGTGTTACCC AGCTAGGGGG ACCCTCATGG GCAGTACCAC TTGGCCGGAG
  51 GGATGCGAGA ACGGCGAGCC AGAGCAAAGC CAACAGCGAG ATCCCGGGGC
101 CGTCATCGGA CCTATCGACT CTGATCTCCA TGTTCGCCGC GAAAGGGCTG
151 ACAGCCCGGC AGATGACGGT GCTGTCGGGC GCTCACACCA TAGGTCAGGG
201 ACAGTGCAAC TTCTTCAGGA ACCGAATCTA CAACGAGAAC AACATTGACC
251 CAAGTTTTGC AGCCACGAGA AGGGCCACTT GCCCTAGAAC TGGTGGGGAC
301 ATCAACTTGG CCCCACTTGA CTTTACCCCC AGCAGGTTCG ACAACACTTA
351 CTACAAGGAC CTTGTAAATC GACGTGGCCT GTTCCATTCG GACCAAGTTC
401 TCTTCAATGG TGGCTCTCAA GATGCTATAG TTAGGGCATA TAGCACCAAC
451 AGCGTCCTCT TCTTTGGGGA CTTTGCTTCT GCAATGGTCA AGGTGAGCAG
501 TATCACTCCC CTCACTGGGT CCCAGGGAGA GATCCGAAAG AATTGTAGGG
551 TTGTCAACTG ATTAGTTCCT CCGTGATTTT TGTTTTTTGT TTTTAATTTT
601 TGGTCATAAA CAGCGATCAA ATAATCAAGG GTTGTATGGG TTGGGGGGGT
651 GTTAATTAGT TTAATCGGTT GTAATTATTA TAGACAAGGT TTTACTATTA
701 GTCATAAGTT GACTAAATGG ATCTTGGATA TATGTATTTG TATGTATGCA
751 TGACACGGCT CATCAAGTGT TGTGAGCTGT ATGTGTCTTT TTTTAAGCAA
801 CGAAATGATT CCAAGTGTTT GCTTGTTTAT GAAAAAAAAA AAAAAAAAAA
851 AAAAACACTG TCATGCCGTT ACGTAGCG

Fig 3.14: Sequence analysis of 3’ RACE product of POX gene: The 3’UTR is represented by 297 bp and 

it extends from stop codon till end of poly-A tail. Stop codon (TGA) is highlighted in pink, poly-A tail is 

underlined, the primary cleavage site in pre- mRNA (CP Joshi, 1987) is highlighted in yellow and 3, NUP 

is represented by red letters

3.3.5.2.1 Deduced amino acids of 5’ RACE coding region 

C F V N G C D A G I L L D D T A S F T G E K N A G P N Q S A R G Y E V I D A I K 

T N V E A A C R G T A S C A D I L A L A A Q E G V T Q L G G P S W A V P L G R 

R D A R T A S Q S K A N S E I P G P S S D L S T L I S M F A A K G L T A R Q M T 

V L S G A H T I G Q G Q C N F F R N R I Y N E N N I D P S F A A T R R A T C P R 

T G G D I N L A P L D F T P S R F D N T Y Y K D L V N R R G L F H S D Q V L F N 

G G S Q D A I V R A Y S T N S V L F F G D F A S A M V K V S S I T P L T G S Q G 

E I R K N C R V V N Stop
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3.3.5.3 Isolation of Full

leucocephala.

The full length open reading frame (ORF) of peroxidase 

designing a forward primer from the start codon in 5’RACE product and a reverse primer 

from 3’RACE product, leaving the stop codon. cDNA from 

was used as the template. The primers designed were PeroxidaseF (

CTT ACC CAT TTC TTC 3’

CTT TCG 3’). PCR was performed as mentioned in chapter 2, section 2.8.4.10 and an 

amplicon of 948 bp was obtained as expected

The amplicon was excised from the agarose gel and purified 

elution kit as mentioned in Chapter2, Section 2.8.4.5

cloned into pGEMT-Easy vector (Promega, USA)

Blue. Plasmids were isolated from a few of the white recombinant colonies which 

survived on LB ampicillin plates containing X

to confirm the presence of cloned insert 

Fig 3.15: A 1% Agarose gel showing full length 

bp) and lane 4 is marker. B Restriction 

4), lane1 uncut recombinant vector and lane 5 is marker.

A few recombinant pGEMT

confirmed for cloned full length 

two different genes of POX

fresh clones/colonies were sequenced with a view to fish out new clones of 
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3.3.5.3 Isolation of Full-length coding region of POX gene from cDNA of 

The full length open reading frame (ORF) of peroxidase (POX) gene 

designing a forward primer from the start codon in 5’RACE product and a reverse primer 

leaving the stop codon. cDNA from L. leucocephala

was used as the template. The primers designed were PeroxidaseF (5’ ATG GCT TCC 

CTT ACC CAT TTC TTC 3’) and PeroxidaseR (5’ GTT GAC AAC CCT ACA ATT 

PCR was performed as mentioned in chapter 2, section 2.8.4.10 and an 

was obtained as expected with the full length POX gene (

The amplicon was excised from the agarose gel and purified using 

elution kit as mentioned in Chapter2, Section 2.8.4.5. The full length PCR product was 

Easy vector (Promega, USA) and was mobilized into

Blue. Plasmids were isolated from a few of the white recombinant colonies which 

survived on LB ampicillin plates containing X-gal – IPTG and were digested with 

ce of cloned insert (Fig 3.15B).

1% Agarose gel showing full length POX gene PCR amplified from cDNA in lanes 1 to 3 (948 

Restriction analysis of recombinant clones releasing 948 

4), lane1 uncut recombinant vector and lane 5 is marker.

pGEMT-Easy vectors carrying POX gene were sequenced and 

confirmed for cloned full length POX gene. The sequence analysis revealed existence of 

POX gene in randomly sequenced recombinant clones.

fresh clones/colonies were sequenced with a view to fish out new clones of 

ation of POX genes
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from cDNA of L. 

gene was achieved by 

designing a forward primer from the start codon in 5’RACE product and a reverse primer 

L. leucocephala xylem tissue 

5’ ATG GCT TCC 

5’ GTT GAC AAC CCT ACA ATT 

PCR was performed as mentioned in chapter 2, section 2.8.4.10 and an 

gene (Fig 3.15A). 

using AxygenTM GEL 

The full length PCR product was 

mobilized into E. coli XL1-

Blue. Plasmids were isolated from a few of the white recombinant colonies which 

IPTG and were digested with Eco RI 

PCR amplified from cDNA in lanes 1 to 3 (948 

analysis of recombinant clones releasing 948 bp insert (lanes 2 to 

gene were sequenced and 

gene. The sequence analysis revealed existence of 

ly sequenced recombinant clones. A few more 

fresh clones/colonies were sequenced with a view to fish out new clones of POX and with 
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a view to reconfirm the presence of two full length clones in the amplified product (Fig. 

3.15A).

3.3.5.4 Characterization of POX cDNA sequence 

The PCR amplification of full length gene resulted in amplification of two cDNA clones. 

These two full length cDNA sequences of POX genes were submitted to NCBI GenBank 

database under accession no. EU 649680.1 (LBPox) and GU 143879 (LlLBPOX).

The Leucaena POX gene (both EU 649680.1 (LBPox) and GU 143879 (LlLBPOX))

sequence contains a 948 bp open-reading frame, which codes for a protein of 316 amino 

acids with a molecular weight 34.7 kDa. The putative initiation codon ATG is flanked by 

a G at + 4, in keeping with the nucleotide commonly found flanking the initiator 

methionine in plants (Lutcke et al., 1987). The sequence analysis shows that RACE

amplification has been well extended downstream to the stop codon (TGA) and has 

yielded a 297 bp 3’UTR. Upstream to poly-A tail an ubiquitous polyadenylation (poly-A)

signal sequence AATAA was present in the 3’UTR (Fig 3.14) which is present in most 

eukaryotes and forms a complex with U4 SnRNP for primary cleavage site selection in 

pre- mRNA (CP Joshi, 1987). 

3.3.5.4.1 Characterization of POX cDNA sequence EU649680.1 (LBPox)

3.3.5.4.1a Nucleotide sequence of EU649680.1 (LBPox) 

   1 ATGGCTTCCC TTACCCATTT CTTCTTACTT GCATTGTCTG TTCTTTCTCT
  51 CTTTGCTTCT TCTTCCAATG CTCAGCTCTC TCCCAACTTC TACGCCAGAT
101 CTTGCCCTAA CGTCCGGGCC ATTGTTCGCA ACACAATGAG GCAAGCTCTC
151 GCCCGAGAAG CCCGCCTTGG CGCCTCCATC CTCCGCCTCT TCTTCCACGA
201 CTGCTTCGTC AATGGTTGTG ACGCCGGAAT CCTCCTAGAC GACACCGCAA
251 GCTTCACCGG AGAGAAAAAC GCCGGCCCCA ACCAGTCTGC AAGAGGCTAT
301 GAAGTGATTG ATGCTATCAA AACCAACGTG GAAGCTGCCT GCAGGGGCAC
351 TGTGTCGTGT GCTGATATCT TGGCACTTGC GGCACAAGAG GGTGTTACCC
401 AGCTTGGAGG ACCTCATGGG CAGTACCACT TGGCCCGGAG GGACGCGAGA
451 ACGGCGAGCC AGAGCAAAGC CAACAGCGAG ATCCCGGGGC CGTCATCGGA
501 ACTCTCAACT CTGATCTCCA TGTTCGCCGC AAAAGGGCTG AACGCCCGGG
551 AGATGACGGT GCTGTCCGGC GCGCACAGCA TAGGTCAGGG ACAGTGCAAC
601 TTCTTCAGGA ACCGAATCTA CAACGAGAAC AACATTGACC CAAGTTTTGC
651 AGCCACGAGA AGGGCCACTT GCCCTAGAAC TGGTGGGGGC ATCAACTTGG
701 CCCCACTTGA CTTTACCCCC AACAGGTTTG ACAACACTTA CTACAAGGAC
751 CTTGTAAATC GACGTGGCCT GTTCCATTCG GACCAAGTTT TTTTCAATGG
801 TGGCTCTCAA GATGCTATAG TTAGGGCATA TAGCACCAAC AGTGTCCTTT
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851 TTTTTGGGGA CTTTGCTTTT GCAATGGTCA AGATGAGCAG TATCACTCCC
901 CTCACTGGGT CCCAGGGAGA GATCCGAAAG GATTGTAGGG TTGTCAACTG
951 A

3.3.5.4.1b Deduced amino acid sequence of EU649680.1 (LBPox)

M A S L T H F F L L A L S V L S L F A S S S N A Q L S P N F Y A R S C P N V R A I V R N 

T M R Q A L A R E A R L G A S I L R L F F H D C F V N G C D A G I L L D D T A S F T G 

E K N A G P N Q S A R G Y E V I D A I K T N V E A A C R G T V S C A D I L A L A A Q E 

G V T Q L G G P H G Q Y H L A R R D A R T A S Q S K A N S E I P G P S S E L S T L I S M

F A A K G L N A R E M T V L S G A H S I G Q G Q C N F F R N R I Y N E N N I D P S F A 

A T R R A T C P R T G G G I N L A P L D F T P N R F D N T Y Y K D L V N R R G L F H S 

D Q V F F N G G S Q D A I V R A Y S T N S V L F F G D F A F A M V K M S S I T P L T G 

S Q G E I R K D C R V V N Stop

3.3.5.4.1c Restriction map of peroxidase gene - EU649680.1 (LBPox)

Restriction map of POX gene was created by using an online bioinformatic tool, Webmap 

DNA. Map created at http://pga.mgh.harvard.edu/web_apps/web_map/start. Editor at 

http://pga.mgh.harvard.edu/web_apps/dna_utilities.html

Sites protected by E. coli methylation are not shown in this map 

                 Start codon                           SpDon                                
                                          |                                
               ATGGCTTCCCTTACCCATTTCTTCTTACTTGCATTGTCTGTTCTTTCTCTCTTTGCTTCT
            1  ---------+---------+---------+---------+---------+---------+ 60
               TACCGAAGGGAATGGGTAAAGAAGAATGAACGTAACAGACAAGAAAGAGAGAAACGAAGA
                                                                           
                      Blp1                      Bgl2                       
                         |                         |                       
               TCTTCCAATGCTCAGCTCTCTCCCAACTTCTACGCCAGATCTTGCCCTAACGTCCGGGCC
           61  ---------+---------+---------+---------+---------+---------+ 120
               AGAAGGTTACGAGTCGAGAGAGGGTTGAAGATGCGGTCTAGAACGGGATTGCAGGCCCGG
                                                                           
                                                               Eci1        
                                                             Nar1 |        
                                                            Kas1| |        
                                                               || |        
               ATTGTTCGCAACACAATGAGGCAAGCTCTCGCCCGAGAAGCCCGCCTTGGCGCCTCCATC
          121  ---------+---------+---------+---------+---------+---------+ 180
               TAACAAGCGTTGTGTTACTCCGTTCGAGAGCGGGCTCTTCGGGCGGAACCGCGGAGGTAG
                                                                           
                        Ear1        Drd1                            SpAcc  
                           |           |                                |  
               CTCCGCCTCTTCTTCCACGACTGCTTCGTCAATGGTTGTGACGCCGGAATCCTCCTAGAC
          181  ---------+---------+---------+---------+---------+---------+ 240
               GAGGCGGAGAAGAAGGTGCTGACGAAGCAGTTACCAACACTGCGGCCTTAGGAGGATCTG 
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                                            Nae1                           
                   Hind3                 NgoM4 |        SpAcc              
                       |                     | |            |              
               GACACCGCAAGCTTCACCGGAGAGAAAAACGCCGGCCCCAACCAGTCTGCAAGAGGCTAT
          241  ---------+---------+---------+---------+---------+---------+ 300
               CTGTGGCGTTCGAAGTGGCCTCTCTTTTTGCGGCCGGGGTTGGTCAGACGTTCTCCGATA
                                                                           
                                                      Sbf1                 
                                                SpAcc Pst1                 
                                                    |    |                 
               GAAGTGATTGATGCTATCAAAACCAACGTGGAAGCTGCCTGCAGGGGCACTGTGTCGTGT
          301  ---------+---------+---------+---------+---------+---------+ 360
              CTTCACTAACTACGATAGTTTTGGTTGCACCTTCGACGGACGTCCCCGTGACACAGCACA
                                                                           
                EcoRV                           BseY1                      
                    |                               |                      
               GCTGATATCTTGGCACTTGCGGCACAAGAGGGTGTTACCCAGCTTGGAGGACCTCATGGG
          361  ---------+---------+---------+---------+---------+---------+ 420
               CGACTATAGAACCGTGAACGCCGTGTTCTCCCACAATGGGTCGAACCTCCTGGAGTACCC
                
                                                           
               CAGTACCACTTGGCCCGGAGGGACGCGAGAACGGCGAGCCAGAGCAAAGCCAACAGCGAG
          421  ---------+---------+---------+---------+---------+---------+ 480
               GTCATGGTGAACCGGGCCTCCCTGCGCTCTTGCCGCTCGGTCTCGTTTCGGTTGTCGCTC
                                                                           
                Sma1                                                       
                   |                                                       
               ATCCCGGGGCCGTCATCGGAACTCTCAACTCTGATCTCCATGTTCGCCGCAAAAGGGCTG
          481  ---------+---------+---------+---------+---------+---------+ 540
               TAGGGCCCCGGCAGTAGCCTTGAGAGTTGAGACTAGAGGTACAAGCGGCGTTTTCCCGAC
                                                                           
                              Drd1   BssH2              Eco57            
                                   |       |                  |            
               AACGCCCGGGAGATGACGGTGCTGTCCGGCGCGCACAGCATAGGTCAGGGACAGTGCAAC
          541  ---------+---------+---------+---------+---------+---------+ 600
               TTGCGGGCCCTCTACTGCCACGACAGGCCGCGCGTGTCGTATCCAGTCCCTGTCACGTTG
                                                                           
                  SpAcc                                         BssS1      
                      |                                             |      
               TTCTTCAGGAACCGAATCTACAACGAGAACAACATTGACCCAAGTTTTGCAGCCACGAGA
          601  ---------+---------+---------+---------+---------+---------+ 660
               AAGAAGTCCTTGGCTTAGATGTTGCTCTTGTTGTAACTGGGTTCAAAACGTCGGTGCTCT
               
                                                           
               AGGGCCACTTGCCCTAGAACTGGTGGGGGCATCAACTTGGCCCCACTTGACTTTACCCCC
          661  ---------+---------+---------+---------+---------+---------+ 720
               TCCCGGTGAACGGGATCTTGACCACCCCCGTAGTTGAACCGGGGTGAACTGAAATGGGGG
                                                                           
                               SpDon                                       
                              SpAcc|       SpDon     BmgB1                 
                                  ||           |         |                 
               AACAGGTTTGACAACACTTACTACAAGGACCTTGTAAATCGACGTGGCCTGTTCCATTCG
          721  ---------+---------+---------+---------+---------+---------+ 780
               TTGTCCAAACTGTTGTGAATGATGTTCCTGGAACATTTAGCTGCACCGGACAAGGTAAGC
                                                                           
                     BpuE1                                                 
                         |                                                 
               GACCAAGTTTTTTTCAATGGTGGCTCTCAAGATGCTATAGTTAGGGCATATAGCACCAAC
          781  ---------+---------+---------+---------+---------+---------+ 840
               CTGGTTCAAAAAAAGTTACCACCGAGAGTTCTACGATATCAATCCCGTATATCGTGGTTG
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                                                BsrD1                      
                                                    |                      
               AGTGTCCTTTTTTTTGGGGACTTTGCTTTTGCAATGGTCAAGATGAGCAGTATCACTCCC
          841  ---------+---------+---------+---------+---------+---------+ 900
               TCACAGGAAAAAAAACCCCTGAAACGAAAACGTTACCAGTTCTACTCGTCATAGTGAGGG
                                                                           

                  SanD1  Bmr1                                  Stop codon          
                      |     |                                              
               CTCACTGGGTCCCAGGGAGAGATCCGAAAGGATTGTAGGGTTGTCAACTGA
          901  ---------+---------+---------+---------+---------+- 951
               GAGTGACCCAGGGTCCCTCTCTAGGCTTTCCTAACATCCCAACAGTTGACT

3.3.5.4.2 Characterization of POX cDNA sequence GU143879 (LlLBPOX)

3.3.5.4.2a Nucleotide sequence of GU143879 (LlLBPOX)

   1 ATGGCTTCCC TTACCCATTT CTTCTTACTT GCAGTGTCTC TTCTTTCTCT
  51 CTTTGCCTCT TCTTCCAATG CTCAGCTCTC TCCCAAATTC TACTCCAAAT
101 CTTGCCCTAA TCTCCAGACT ATTGTTCGCA ACACAACGAG GCAGGCTCTC
151 GCCAGAGAGG CCCGCCTTGG CGCCTCCATC CCCCGCCTCT TCTTTCACGA
201 CTGCTTCGTC AATGGTTGCG ACGCCGGAAT CCTCCTAGAC GACACCGCAA
251 GCTTCACCGG AGAGAAAAAC GCCGGCCCCA ACCAGTCTGC AAGAGGCTAT
301 GAAGTGATTG ATGCTATCAA AACCAACGTG GAAGCTGCCT GCAGGGGCAC
351 TGCGTCATGT GCTGATATCT TGGCACTTGC GGCACAAGAG GGTGTTACCC
401 AGCTAGGGGG ACCCTCATGG GCAGTACCAC TTGGCCGGAG GGATGCGAGA
451 ACGGCGAGCC AGAGCAAAGC CAACAGCGAG ATCCCGGGGC CGTCATCGGA
501 CCTATCGACT CTGATCTCCA TGTTCGCCGC GAAAGGGCTG ACAGCCCGGC
551 AGATGACGGT GCTGTCGGGC GCTCACACCA TAGGTCAGGG ACAGTGCAAC
601 TTCTTCAGGA ACCGAATCTA CAACGAGAAC AACATTGACC CAAGTTTTGC
651 AGCCACGAGA AGGGCCACTT GCCCTAGAAC TGGTGGGGAC ATCAACTTGG
701 CCCCACTTGA CTTTACCCCC AGCAGGTTCG ACAACACTTA CTACAAGGAC
751 CTTGTAAATC GACGTGGCCT GTTCCATTCG GACCAAGTTC TCTTCAATGG
801 TGGCTCTCAA GATGCTATAG TTAGGGCATA TAGCACCAAC AGCGTCCTCT
851 TCTTTGGGGA CTTTGCTTCT GCAATGGTCA AGGTGAGCAG TATCACTCCC
901 CTCACTGGGT CCCAGGGAGA GATCCGAAAG AATTGTAGGG TTGTCAACTG
951 A

3.3.5.4.2b Deduced amino acid sequence of GU143879 (LlLBPOX)

M A S L T H F F L L A V S L L S L F A S S S N A Q L S P K F Y S K S C P N L Q T I V R N 

T T R Q A L A R E A R L G A S I P R L F F H D C F V N G C D A G I L L D D T A S F T G E 

K N A G P N Q S A R G Y E V I D A I K T N V E A A C R G T A S C A D I L A L A A Q E G 

V T Q L G G P S W A V P L G R R D A R T A S Q S K A N S E I P G P S S D L S T L I S M F 

A A K G L T A R Q M T V L S G A H T I G Q G Q C N F F R N R I Y N E N N I D P S F A A 

T R R A T C P R T G G D I N L A P L D F T P S R F D N T Y Y K D L V N R R G L F H S D 

Q V L F N G G S Q D A I V R A Y S T N S V L F F G D F A S A M V K V S S I T P L T G S Q 

G E I R K N C R V V N Stop
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3.3.5.4.2c Restriction map of peroxidase gene - GU143879 (LlLBPOX)

Restriction map of POX gene was created by using an online bioinformatic tool, Webmap 

DNA. Map created at http://pga.mgh.harvard.edu/web_apps/web_map/start. Editor at 

http://pga.mgh.harvard.edu/web_apps/dna_utilities.html

Sites protected by E. coli methylation are not shown in this map 

                Start Codon                                               
                                      SpDon      Bts1  Ear1                
                                          |         |     |                
               ATGGCTTCCCTTACCCATTTCTTCTTACTTGCAGTGTCTCTTCTTTCTCTCTTTGCCTCT
            1  ---------+---------+---------+---------+---------+---------+ 60
               TACCGAAGGGAATGGGTAAAGAAGAATGAACGTCACAGAGAAGAAAGAGAGAAACGGAGA
                                                                           
              Ear1    Blp1                      Bpm1                       
                 |       |                         |                       
               TCTTCCAATGCTCAGCTCTCTCCCAAATTCTACTCCAAATCTTGCCCTAATCTCCAGACT
           61  ---------+---------+---------+---------+---------+---------+ 120
               AGAAGGTTACGAGTCGAGAGAGGGTTTAAGATGAGGTTTAGAACGGGATTAGAGGTCTGA
                                                                           
                                                             Nar1          
                                                Bgl1        Kas1|          
                                                   |           ||          
               ATTGTTCGCAACACAACGAGGCAGGCTCTCGCCAGAGAGGCCCGCCTTGGCGCCTCCATC
          121  ---------+---------+---------+---------+---------+---------+ 180
               TAACAAGCGTTGTGTTGCTCCGTCCGAGAGCGGTCTCTCCGGGCGGAACCGCGGAGGTAG
                                                                           
                        Ear1        Drd1                            SpAcc  
                           |           |                                |  
               CCCCGCCTCTTCTTTCACGACTGCTTCGTCAATGGTTGCGACGCCGGAATCCTCCTAGAC
          181  ---------+---------+---------+---------+---------+---------+ 240
               GGGGCGGAGAAGAAAGTGCTGACGAAGCAGTTACCAACGCTGCGGCCTTAGGAGGATCTG
                                                                           
                                            Nae1                           
                   Hind3                 NgoM4 |        SpAcc              
                       |                     | |            |              
               GACACCGCAAGCTTCACCGGAGAGAAAAACGCCGGCCCCAACCAGTCTGCAAGAGGCTAT
          241  ---------+---------+---------+---------+---------+---------+ 300
               CTGTGGCGTTCGAAGTGGCCTCTCTTTTTGCGGCCGGGGTTGGTCAGACGTTCTCCGATA
                                                                           
                                                          Bts1             
                                                      Sbf1   |             
                                                SpAcc Pst1   |             
                                                    |    |   |             
               GAAGTGATTGATGCTATCAAAACCAACGTGGAAGCTGCCTGCAGGGGCACTGCGTCATGT
          301  ---------+---------+---------+---------+---------+---------+ 360
               CTTCACTAACTACGATAGTTTTGGTTGCACCTTCGACGGACGTCCCCGTGACGCAGTACA
               

                                                           
                                                    SpAcc                  
                EcoRV                           BseY1   |  SanD1           
                    |                               |   |      |           
               GCTGATATCTTGGCACTTGCGGCACAAGAGGGTGTTACCCAGCTAGGGGGACCCTCATGG
          361  ---------+---------+---------+---------+---------+---------+ 420
               CGACTATAGAACCGTGAACGCCGTGTTCTCCCACAATGGGTCGATCCCCCTGGGAGTACC
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               GCAGTACCACTTGGCCGGAGGGATGCGAGAACGGCGAGCCAGAGCAAAGCCAACAGCGAG
          421  ---------+---------+---------+---------+---------+---------+ 480
               CGTCATGGTGAACCGGCCTCCCTACGCTCTTGCCGCTCGGTCTCGTTTCGGTTGTCGCTC
                                                                           
                Sma1                                                       
                   |                                                       
               ATCCCGGGGCCGTCATCGGACCTATCGACTCTGATCTCCATGTTCGCCGCGAAAGGGCTG
          481  ---------+---------+---------+---------+---------+---------+ 540
               TAGGGCCCCGGCAGTAGCCTGGATAGCTGAGACTAGAGGTACAAGCGGCGCTTTCCCGAC
                                                                           
                                               Drd1                      Eco57            
                                   |                          |            
               ACAGCCCGGCAGATGACGGTGCTGTCGGGCGCTCACACCATAGGTCAGGGACAGTGCAAC
          541  ---------+---------+---------+---------+---------+---------+ 600
               TGTCGGGCCGTCTACTGCCACGACAGCCCGCGAGTGTGGTATCCAGTCCCTGTCACGTTG
                                                                           
                  SpAcc                                         BssS1      
                      |                                             |      
               TTCTTCAGGAACCGAATCTACAACGAGAACAACATTGACCCAAGTTTTGCAGCCACGAGA
          601  ---------+---------+---------+---------+---------+---------+ 660
               AAGAAGTCCTTGGCTTAGATGTTGCTCTTGTTGTAACTGGGTTCAAAACGTCGGTGCTCT
                                                                           
                                                               BspM1       
                                                               BfuA1BseY1  
                                                                   |    |  
               AGGGCCACTTGCCCTAGAACTGGTGGGGACATCAACTTGGCCCCACTTGACTTTACCCCC
          661  ---------+---------+---------+---------+---------+---------+ 720
               TCCCGGTGAACGGGATCTTGACCACCCCTGTAGTTGAACCGGGGTGAACTGAAATGGGGG
                                                                           
                               SpDon                                       
                              SpAcc|       SpDon     BmgB1                 
                                  ||           |         |                 
               AGCAGGTTCGACAACACTTACTACAAGGACCTTGTAAATCGACGTGGCCTGTTCCATTCG
          721  ---------+---------+---------+---------+---------+---------+ 780
               TCGTCCAAGCTGTTGTGAATGATGTTCCTGGAACATTTAGCTGCACCGGACAAGGTAAGC
                                                                           
                     BpuE1 Ear1                                            
                         |    |                                            
               GACCAAGTTCTCTTCAATGGTGGCTCTCAAGATGCTATAGTTAGGGCATATAGCACCAAC
          781  ---------+---------+---------+---------+---------+---------+ 840
               CTGGTTCAAGAGAAGTTACCACCGAGAGTTCTACGATATCAATCCCGTATATCGTGGTTG
                                                                           
                                                    SpDon                  
                        Ear1                    BsrD1   |                  
                           |                        |   |                  
               AGCGTCCTCTTCTTTGGGGACTTTGCTTCTGCAATGGTCAAGGTGAGCAGTATCACTCCC
          841  ---------+---------+---------+---------+---------+---------+ 900
               TCGCAGGAGAAGAAACCCCTGAAACGAAGACGTTACCAGTTCCACTCGTCATAGTGAGGG
                                                                           

                  SanD1  Bmr1                                 Stop codon       
                      |     |                                              
               CTCACTGGGTCCCAGGGAGAGATCCGAAAGAATTGTAGGGTTGTCAACTGA
          901  ---------+---------+---------+---------+---------+- 951
               GAGTGACCCAGGGTCCCTCTCTAGGCTTTCTTAACATCCCAACAGTTGACT
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3.3.5.4.3 CLUSTAL W (1.8) multiple sequence alignment of nucleotide sequences of 

EU649680.1 (LBPox) and GU143879 (LlLBPOX)

The start codon, ATG is mentioned in red letters, stop codon TGA is shown highlighted 

in pink and the nucleotide mismatch between the two sequences is shown highlighted in 

green.

EU649680.1_LBPox_      ATGGCTTCCCTTACCCATTTCTTCTTACTTGCATTGTCTGTTCTTTCTCTCTTTGCTTCT
GU143879_LlLBPOX_      ATGGCTTCCCTTACCCATTTCTTCTTACTTGCAGTGTCTCTTCTTTCTCTCTTTGCCTCT
                        ********************************* ***** **************** ***

EU649680.1_LBPox_      TCTTCCAATGCTCAGCTCTCTCCCAACTTCTACGCCAGATCTTGCCCTAACGTCCGGGCC
GU143879_LlLBPOX_      TCTTCCAATGCTCAGCTCTCTCCCAAATTCTACTCCAAATCTTGCCCTAATCTCCAGACT
                        ************************** ****** *** ************  *** * *  

EU649680.1_LBPox_      ATTGTTCGCAACACAATGAGGCAAGCTCTCGCCCGAGAAGCCCGCCTTGGCGCCTCCATC
GU143879_LlLBPOX_      ATTGTTCGCAACACAACGAGGCAGGCTCTCGCCAGAGAGGCCCGCCTTGGCGCCTCCATC
                        **************** ****** ********* **** *********************

EU649680.1_LBPox_      CTCCGCCTCTTCTTCCACGACTGCTTCGTCAATGGTTGTGACGCCGGAATCCTCCTAGAC
GU143879_LlLBPOX_      CCCCGCCTCTTCTTTCACGACTGCTTCGTCAATGGTTGCGACGCCGGAATCCTCCTAGAC
                        * ************ *********************** *********************

EU649680.1_LBPox_      GACACCGCAAGCTTCACCGGAGAGAAAAACGCCGGCCCCAACCAGTCTGCAAGAGGCTAT
GU143879_LlLBPOX_      GACACCGCAAGCTTCACCGGAGAGAAAAACGCCGGCCCCAACCAGTCTGCAAGAGGCTAT
                        ************************************************************

EU649680.1_LBPox_      GAAGTGATTGATGCTATCAAAACCAACGTGGAAGCTGCCTGCAGGGGCACTGTGTCGTGT
GU143879_LlLBPOX_      GAAGTGATTGATGCTATCAAAACCAACGTGGAAGCTGCCTGCAGGGGCACTGCGTCATGT
                        **************************************************** *** ***

EU649680.1_LBPox_      GCTGATATCTTGGCACTTGCGGCACAAGAGGGTGTTACCCAGCTTGGAGGACC-TCATGG
GU143879_LlLBPOX_      GCTGATATCTTGGCACTTGCGGCACAAGAGGGTGTTACCCAGCTAGGGGGACCCTCATGG
                        ******************************************** ** ***** ******

EU649680.1_LBPox_      GCAGTACCACTTGGCCCGGAGGGACGCGAGAACGGCGAGCCAGAGCAAAGCCAACAGCGA
GU143879_LlLBPOX_      GCAGTACCACTTGGCC-GGAGGGATGCGAGAACGGCGAGCCAGAGCAAAGCCAACAGCGA
                        **************** ******* ***********************************

EU649680.1_LBPox_      GATCCCGGGGCCGTCATCGGAACTCTCAACTCTGATCTCCATGTTCGCCGCAAAAGGGCT
GU143879_LlLBPOX_      GATCCCGGGGCCGTCATCGGACCTATCGACTCTGATCTCCATGTTCGCCGCGAAAGGGCT
                        ********************* ** ** *********************** ********

EU649680.1_LBPox_      GAACGCCCGGGAGATGACGGTGCTGTCCGGCGCGCACAGCATAGGTCAGGGACAGTGCAA
GU143879_LlLBPOX_      GACAGCCCGGCAGATGACGGTGCTGTCGGGCGCTCACACCATAGGTCAGGGACAGTGCAA
                        **  ****** **************** ***** **** *********************

EU649680.1_LBPox_      CTTCTTCAGGAACCGAATCTACAACGAGAACAACATTGACCCAAGTTTTGCAGCCACGAG
GU143879_LlLBPOX_      CTTCTTCAGGAACCGAATCTACAACGAGAACAACATTGACCCAAGTTTTGCAGCCACGAG
                        ************************************************************

EU649680.1_LBPox_      AAGGGCCACTTGCCCTAGAACTGGTGGGGGCATCAACTTGGCCCCACTTGACTTTACCCC
GU143879_LlLBPOX_      AAGGGCCACTTGCCCTAGAACTGGTGGGGACATCAACTTGGCCCCACTTGACTTTACCCC
                        ***************************** ******************************

EU649680.1_LBPox_      CAACAGGTTTGACAACACTTACTACAAGGACCTTGTAAATCGACGTGGCCTGTTCCATTC
GU143879_LlLBPOX_      CAGCAGGTTCGACAACACTTACTACAAGGACCTTGTAAATCGACGTGGCCTGTTCCATTC
                        ** ****** **************************************************

EU649680.1_LBPox_      GGACCAAGTTTTTTTCAATGGTGGCTCTCAAGATGCTATAGTTAGGGCATATAGCACCAA
GU143879_LlLBPOX_      GGACCAAGTTCTCTTCAATGGTGGCTCTCAAGATGCTATAGTTAGGGCATATAGCACCAA
                        ********** * ***********************************************



                                                           Chapter 3 Isolation and Characterization of POX genes

Abhilash. O.U                                   Ph.D Thesis 2009                             University of Pune   110

EU649680.1_LBPox_      CAGTGTCCTTTTTTTTGGGGACTTTGCTTTTGCAATGGTCAAGATGAGCAGTATCACTCC
GU143879_LlLBPOX_      CAGCGTCCTCTTCTTTGGGGACTTTGCTTCTGCAATGGTCAAGGTGAGCAGTATCACTCC
                        *** ***** ** **************** ************* ****************

EU649680.1_LBPox_      CCTCACTGGGTCCCAGGGAGAGATCCGAAAGGATTGTAGGGTTGTCAACTGA
GU143879_LlLBPOX_      CCTCACTGGGTCCCAGGGAGAGATCCGAAAGAATTGTAGGGTTGTCAACTGA
                        ******************************* ********************

3.3.5.4.4 CLUSTAL W (1.8) Multiple sequence alignment of amino acid sequences of 

EU649680.1 (LBPox) and GU143879 (LlLBPOX)

EU649680.1_LBPox_      MASLTHFFLLALSVLSLFASSSNAQLSPNFYARSCPNVRAIVRNTMRQALAREARLGASI
GU143879_LlLBPOX_      MASLTHFFLLAVSLLSLFASSSNAQLSPKFYSKSCPNLQTIVRNTTRQALAREARLGASI
                        ***********:*:**************:**::****:::*****  *************

EU649680.1_LBPox_      LRLFFHDCFVNGCDAGILLDDTASFTGEKNAGPNQSARGYEVIDAIKTNVEAACRGTVSC
GU143879_LlLBPOX_      PRLFFHDCFVNGCDAGILLDDTASFTGEKNAGPNQSARGYEVIDAIKTNVEAACRGTASC
                         ********************************************************.**

EU649680.1_LBPox_      ADILALAAQEGVTQLGGPHGQYHLARRDARTASQSKANSEIPGPSSELSTLISMFAAKGL
GU143879_LlLBPOX_      ADILALAAQEGVTQLGGPSWAVPLGRRDARTASQSKANSEIPGPSSDLSTLISMFAAKGL
                        ******************     *.*********************:*************

EU649680.1_LBPox_      NAREMTVLSGAHSIGQGQCNFFRNRIYNENNIDPSFAATRRATCPRTGGGINLAPLDFTP
GU143879_LlLBPOX_      TARQMTVLSGAHTIGQGQCNFFRNRIYNENNIDPSFAATRRATCPRTGGDINLAPLDFTP
                        .**:********:************************************.**********

EU649680.1_LBPox_      NRFDNTYYKDLVNRRGLFHSDQVFFNGGSQDAIVRAYSTNSVLFFGDFAFAMVKMSSITP
GU143879_LlLBPOX_      SRFDNTYYKDLVNRRGLFHSDQVLFNGGSQDAIVRAYSTNSVLFFGDFASAMVKVSSITP
                        .**********************:************************* ****:*****

EU649680.1_LBPox_      LTGSQGEIRKDCRVVN
GU143879_LlLBPOX_      LTGSQGEIRKNCRVVN
                     **********:*****

Both the peroxidases show good level of sequence homology at amino acid levels as 

given above; the mismatches are highlighted in green. From the multiple sequence 

alignment, it is clear that both the peroxidases (EU649680.1 and GU143879) have a 

sequence similarity of 95% both in amino acid (95.25% similarity) as well as at 

nucleotide level (95.17% similarity).

3.3.5.4.5 Amino acid compositions and theoretical pI and molecular weight of 

isolated peroxidase genes of L. leucocephala.

The deduced amino acid sequences of EU649680.1 (LBPox) and GU143879 (LlLBPOX)

gene show the coding region consists of 316 amino acids, with theoretical molecular 

weight of 34205.6 Daltons for EU649680.1 and 33943.8 for GU143879. They have 

theoretical pI values of 8.96 and 9.08 respectively (http://www.expasy.ch/cgi-

bin/protparam). The amino acid composition of EU649680.1 (LBPox) is given in table 

3.1 and for GU143879 (LlLBPOX) is given in table 3.2. In EU649680.1 (LBPox) the 
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total number of negatively charged residues (Asp + Glu) equals 25 and positively charged 

residues (Arg + Lys) equal 31. Similarly, total number of negatively charged residues 

(Asp + Glu) and positively charged residues (Arg + Lys) in GU143879 (LlLBPOX) is 24 

and 31 respectively. The empirical formula of EU649680.1 (LBPox) is 

C1493H2349N441O455S14 and of GU143879 (LlLBPOX) is C1482H2347N433O458S12.

Table 3.1 Amino acid composition of EU649680.1 (LBPox)

Amino acids Total No.
     
Percentage Amino acids Total No. Percentage

Ala  (A) 37 11.7 Leu  (L) 27 8.5
Arg  (R) 24 7.6 Lys  (K) 7 2.2
Asn  (N) 22 7.0 Met  (M) 6 1.9
Asp  (D) 15 4.7 Phe  (F) 21 6.6
Cys  (C) 8 2.5 Pro  (P) 11 3.5
Gln  (Q) 12 3.8 Ser  (S) 29 9.2
Glu  (E) 10 3.2 Thr  (T) 18 5.7
Gly  (G) 25 7.9 Trp  (W) 0 0
His  (H) 6 1.9 Tyr  (Y) 7 2.2
Ile    (I) 15 4.7 Val  (V) 16 5.1

Table 3.2 Amino acid composition of GU143879 (LlLBPOX)

Amino acids Total No.
     
Percentage Amino acids Total No. Percentage

Ala  (A) 36 11.4 Leu (L) 28 8.9
Arg  (R) 22 7.0 Lys  (K) 9 2.8
Asn  (N) 20 6.3 Met  (M) 4 1.3
Asp  (D) 16 5.1 Phe  (F) 19 6.0
Cys  (C) 8 2.5 Pro  (P) 13 4.1
Gln  (Q) 13 4.1 Ser  (S) 32 10.1
Glu  (E) 8 2.5 Thr  (T) 22 7.0
Gly  (G) 24 7.6 Trp  (W) 1 0.3
His  (H) 4 1.3 Tyr  (Y) 6 1.9
Ile    (I) 15 4.7 Val  (V) 16 5.1

3.3.5.4.6 Hydropathy index of the peroxidase amino acids

The hydropathy index of an amino acid is a number representing the hydrophobic or 

hydrophilic properties of its side-chain (Jack Kyte and Russell Doolittle, 1982). The

larger the number is, the more hydrophobic the amino acid. The most hydrophobic amino 
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acids are isoleucine (4.5) and valine (4.2). The most hydrophilic ones are arginine (-4.5) 

and lysine (-3.9). This is very important in protein structure; hydrophobic amino acids 

tend to be internal (with regard to the protein's native 3- dimensional structure) while 

hydrophilic amino acids are more commonly found towards the protein surface. The 

amino acid sequences of EU649680.1 (LBPox) and GU143879 (LlLBPOX) were 

analyzed using Kyte-Doolittle Hydropathy plot at 

http://gcat.davidson.edu/rakarnik/kd.cgi (Fig 3.16A & Fig 3.16B respectively) window 

size 9. When the window size is 9, strong negative peaks indicate possible surface 

regions of globular proteins.

Fig. 3.16: Hydropathic plot. A Kyte-Doolittle Hydropathy for EU649680.1 (LBPox) and B Kyte-

Doolittle Hydropathy for GU143879 (LlLBPOX). Window size of 9 suggested a good value for finding 

putative surface-exposed regions. When the window size is 9, strong negative peaks indicate possible 

surface regions of globular proteins. Both the POXs showed almost similar pattern in (Kyte-Doolittle plot). 
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The GC% and codon usage of both, the cDNA clones (EU649680.1 (LBPox) and 

GU143879 (LlLBPOX)) were calculated using online software (www.justbio.com). The 

GC content of the cDNA clone, EU649680.1 (LBPox) is 54.61% and for GU143879 

(LlLBPOX) is 54.22%. The codon usage for POX cDNA clone, EU649680.1 (LBPox) is 

given in Table 3.3 and codon usage of GU143879 (LlLBPOX) is given in table 3.4. It is 

expressed as % of total codons. Standard genetic codes were used for determining codon 

usage.

Table 3.3 Codon usage of POX gene EU649680.1 (LBPox)

Table 3.4 Codon usage of POX gene EU649680.1 (LBPox)
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3.3.5.5 Analysis of amino acid sequence of the L. leucocephala peroxidase genes, 

EU649680.1 and GU143879 for their conserved domain

                           

                      Specific hits with Secreatory peroxidases

The amino acid sequences of EU649680.1 (LBPox) and GU143879 (LlLBPOX) when 

analysed for their sequence similarity, it matched with secretory peroxidases. Horseradish 

peroxidase and related secretory peroxidases belong to Class III of the plant heme-

dependent peroxidase superfamily. All members of the superfamily share a heme 

prosthetic group and catalyze a multistep oxidative reaction involving hydrogen peroxide 

as the electron acceptor. Class III peroxidases are found in the extracellular space or in 

the vacuole in plants, where they have been implicated in hydrogen peroxide 

detoxification, auxin catabolism and lignin biosynthesis and stress response. Class III 

peroxidases contain four conserved disulphide bridges and two conserved calcium 

binding sites.

3.3.5.6 Phylogenetic analysis of POX gene (EU649680.1) with other reported 

peroxidases 

Phylogenetic analysis was done using 19 reported protein sequences of POX, which were 

retrieved from the GenBank database. Among the two genes of POX, only EU649680.1

was used for phylogenetic analysis, as they are almost similar at nucleotide as well as 

amino acid level (>95%).  Multiple alignments of the predicted protein coding sequences 
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were performed using Clustal X. The phylogenetic tree was constructed by neighbor-

joining methods using Mega 4.0 software program. It is clear from the phylogenetic tree 

that, EU649680.1 is evolutionarily most similar with Pisum sativum, then to other 

peroxidases (Fig. 3.17).

Fig. 3.17: Phylogenetic tree using 19 selected plant peroxidase proteins, constructed by neighbor-joining 

methods using Mega 4.0 software program, after alignment of amino acids sequences by Clustal X. The 

numbers shown at each node represents, the support values (percent) obtained by bootstrap analysis (1000 

replicates). The tree shows the relatedness between amino acid sequences of EU649680.1, to the other plant 

peroxidases. The closest homologues of Leucaena POX protein is POX of Pisum sativum (AB193816).
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3.3.5.7 Analysis of deduced amino acid sequences of EU649680.1 (LBPox) and 
GU143879 (LlLBPOX)

The SignalP 3.0 program predicted that in both the peroxidases, upto the 24th amino acid 

residues from the first methionine, which are shaded in yellow (Fig. 3.18) is the signal 

peptide region. Both the peroxidases possess several highly homologous regions 

including the peroxidase active site (Fig. 3.18, shaded in pink) and the ligand of heme 

(Fig. 3.18, shaded in light blue). Concerning tyrosine residue, which is reported to be 

involved in binding of proteins to lignin and its related compound (McDougall, 1993; 

McDougall et al., 1996), both the peroxidases showed a higher tyrosine content (shaded 

green; 7 tyrosine residues in EU649680.1 and 6 tyrosine residues in GU143879). Among 

them, six tyrosine residues were conserved in both the peroxidases. 

Both POX homologs EU649680.1 (LBPox) and GU143879 (LlLBPOX) exhibited similar 

property. Hence, for all further study, only one of the POX  homologs i.e EU649680.1 

was characterized.

                Signal peptide sequence         Signal peptide cleavage (between 24th and 25th )

EU649680.1_LBPox_      MASLTHFFLLALSVLSLFASSSNAQLSPNFYARSCPNVRAIVRNTMRQALAREARLGASI
GU143879_LlLBPOX_      MASLTHFFLLAVSLLSLFASSSNAQLSPKFYSKSCPNLQTIVRNTTRQALAREARLGASI
                         
EU649680.1_LBPox_      LRLFFHDCFVNGCDAGILLDDTASFTGEKNAGPNQSARGYEVIDAIKTNVEAACRGTVSC
GU143879_LlLBPOX_      PRLFFHDCFVNGCDAGILLDDTASFTGEKNAGPNQSARGYEVIDAIKTNVEAACRGTASC

EU649680.1_LBPox_      ADILALAAQEGVTQLGGPHGQYHLARRDARTASQSKANSEIPGPSSELSTLISMFAAKGL
GU143879_LlLBPOX_      ADILALAAQEGVTQLGGPSWAVPLGRRDARTASQSKANSEIPGPSSDLSTLISMFAAKGL
                         
EU649680.1_LBPox_      NAREMTVLSGAHSIGQGQCNFFRNRIYNENNIDPSFAATRRATCPRTGGGINLAPLDFTP
GU143879_LlLBPOX_      TARQMTVLSGAHTIGQGQCNFFRNRIYNENNIDPSFAATRRATCPRTGGDINLAPLDFTP
                         
EU649680.1_LBPox_      NRFDNTYYKDLVNRRGLFHSDQVFFNGGSQDAIVRAYSTNSVLFFGDFAFAMVKMSSITP
GU143879_LlLBPOX_      SRFDNTYYKDLVNRRGLFHSDQVLFNGGSQDAIVRAYSTNSVLFFGDFASAMVKVSSITP
                         
EU649680.1_LBPox_      LTGSQGEIRKDCRVVN
GU143879_LlLBPOX_      LTGSQGEIRKNCRVVN

Fig. 3.18: Deduced amino acid sequences of peroxidases EU649680.1 (LBPox) and GU143879 

(LlLBPOX): The regions shaded in yellow, pink, and blue are signal peptide, peroxidase active site, and 

ligand of heme, respectively.
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3.4 Discussions

Peroxidase is one among the several genes involved in lignin biosynthesis (Chapter 1, 

Section 1.5). Both anionic and cationic peroxidases have been implicated in lignification 

based on their affinity for coniferyl alcohol, their location in the cell wall and their 

expression in lignified tissue (M”ader and F¨ussl, 1982; Lagrimini et al., 1987; El 

Mansouri et al., 1999). Functional identification of various suspected lignin-specific 

peroxidase isoenzymes had been previously attempted by modification of the expression 

of particular anionic peroxidases in tobacco (Lagrimini et al., 1987, 1997a,b; 

Lagrimini,1996) and poplar (Christensen et al., 1998; Baucher et al., 2000) these 

manipulations however, had no substantial effect on lignin deposition of biotechnological 

significance.

In this study, two cDNAs encoding POX gene(s) have been isolated which were 

designated as LBPox (Accession No. EU649680.1) and LlLBPOX (Accession No. 

GU143879) as mentioned in section 3.3.5.4. They have among themselves 95% 

homology, both at nucleotide as well as amino acid levels. Phylogenetic analysis of 

EU649680.1 grouped it among other peroxidases from dicots (Fig. 3.15). Gene copy 

number of these POX was estimated to be four in L. leucocephala. Considering the 

analysis of LBPox (Accession No. EU649680.1) and LlLBPOX (Accession No. 

GU143879) genes it can be suggested that both belongs to Class III peroxidases of plant 

species. As both POX homologs (EU649680.1 (LBPox) and GU143879 (LlLBPOX)) 

exhibited similar property, for all further study only one of the POX  homologs i.e

EU649680.1 was characterized.

3.5 Conclusion 

PCR based RACE approach was used to fish out the POX gene. Two POX cDNA clones 

were isolated, LBPox (Accession No. EU649680.1) and LlLBPOX (Accession No. 

GU143879). They both showed 95% sequence homology with each other. Putative 

polyadenylation sites and the poly A tails were identified in the 3' UTRs. The full length 

cDNA clone of both the peroxidases were of 948 bp. BLAST analysis revealed about 60-

75% identity with other POXs in the database. Banding pattern in Southern hybridization 

suggested that at least 4 copy of POX gene is present in L. leucocephala genome. 
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Analysis of deduced amino acid sequences of both the POX revealed highly homologous 

regions including the peroxidase active site and the ligand of heme binding. Phylogenetic 

analysis of deduced amino acid sequence was done using 19 protein sequences of POX

using the neighbor joining method. The results showed that isolated POXs are

evolutionarily most similar to Pisum sativum, than other dicots.



CHAPTER 4A   2
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4.1 Introduction

In the past decade, cloning and characterization of genes involved in lignin biosynthesis 

and modification of lignin content and composition in plants have provided new insights 

into the lignin biosynthesis pathway. The enzyme kinetics of a few tree species (Lacombe 

et al., 1997; Leple et al., 1998, 2007) has been studied, however, the biochemical data of 

lignin biosynthetic enzymes in monocot plants is still limited (Baucher et al., 2003; 

Boerjan et al., 2003).  Furthermore, the evidence for physiological functions of lignin 

biosynthesis at gene levels is very scarce.

Peroxidases are ubiquitous enzymes that catalyze oxidation of cellular components in the 

presence of H2O2. Most higher plants contain a number of peroxidase isozymes, which 

can be classified into two (anionic and cationic) or three (anionic, neutral, and cationic) 

subgroups according to their isoelectrophoretic mobilities, and these isozymes exist in 

cytosol, chroloplast, vacuole and cell wall (Lagrimini et al., 1987, Asada, 1992). Their 

physiological roles have been extensively investigated, and it has been demonstrated that 

they catalyze a variety of important reactions, such as indole-3-acetic acid catabolism

(Hinnman and Lang, 1965), lignin biosynthesis (Grisebach and Luderitz, 1981, Espelie et 

al., 1986), suberization of cell wall (Christensen et al., 1998 and detoxification of H2O2

(Asada, 1992). These peroxidases are soluble in buffers containing detergents or high 

concentration of salt, whereas peroxidases that cannot be extracted using these buffers are 

also found in various plants (Goldberg et al., 1986). Although the latter peroxidases have 

been shown to be covalently bound to cell walls, almost nothing is known about their 

physiological importance, their structural characteristics, or the mechanism of covalent 

bond formation.

Analysis of gene function is of central importance for the understanding of physiological 

processes. Expression of genes in heterologous organisms has allowed the isolation of 

many important genes (e.g. for nutrient uptake and transport) and has contributed a lot to 

the functional analysis of the gene products. Heterologous expression systems are 

powerful tools for isolating new genes and for characterizing proteins from all organisms. 

An efficient way to clone and simultaneously prove the function of a gene is possible 
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with its functional expression in heterologous host cells. Heterologous expression of plant 

genes provides a new technique for determining gene-product function.

In the previous chapter, two cDNAs encoding POX gene were characterized. In silico

studies of these two sequences revealed that both the genes have approximately equal 

molecular weight, isoelectric point and hydropathicity. Therefore, one of the cDNA 

encoding POX was chosen for over-expression and further studies.

4.2 Materials and methods

4.2.1 Materials

Glassware and plasticware: As discussed in Chapter 2, Section 2.2 and Section 2.3

Chemicals: As discussed in Chapter, Section 2.4

Escherichia coli, Pichia pastoris strains and plasmids used in the study

Escherichia coli XL-1 Blue (Stratagene, USA)

E. coli BL 21(DE3 (Invitrogen, USA)

pGEM-T Easy  Cloning vector (Promega, USA)

pET28a (+) Expression vector (Novagen, USA)

X-33 Mut+ (Pichia pastoris) (Invitrogen, USA)

GS-115 His-, Mut+ (Pichia pastoris) (Invitrogen, USA)and 

pPICZα A (Zeocine resistant vector for Pichia expression system. Invitrogen, USA)

Stock solutions: As discussed in Chapter 2, Section 2.6.3

4.2.2 Methods

4.2.2.1 Bacterial culture conditions: As discussed in Chapter 2, Section 2.8.1

4.2.2.2 Bacterial cells transformation: E. coli transformation and selection was done as 

discussed in Chapter 2, Section 2.8.2.3

4.2.2.3 Isolation of plasmid DNA from E. coli: As described in Chapter 2, Section 

2.8.4.1
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4.2.2.4 Restriction digestion of DNA: As described in Chapter 2, Section 2.8.4.4

4.2.2.5 Extraction and purification of DNA from agarose gels: As described in 

Chapter 2, Section 2.8.4.5

4.2.2.6 Polymerase Chain Reaction (PCR): As described in Chapter 2, Section 2.8.4.10

4.2.2.7 Colony PCR method: As described in Chapter 2, Section 2.8.3

4.2.2.8 Cloning of POX in pET-28a(+)

POX gene was cloned in pGEM-T Easy vector by incorporating the restriction sites Nde I 

and Xho I in the primers; POX F with Nde I and POX R with Xho I respectively. High 

fidelity Taq pol (Pfx Invitrogen) was used to amplify POX gene using the above set of 

primers from the cDNA clone, sequenced and maintained in pGEM-T Easy vector as the 

template. The above recombinant plasmid DNA was diluted 100 times and 1 μL was used 

as the template and PCR was performed (Chapter 2, Section 2.8.4.10). A 1 kb band was 

amplified (exactly 948 bp coding region of POX gene + Nde I and Xho I sites added into 

primer sequences). The band was excised from gel, purified, ligated in pGEM-T Easy 

vector and transformed in E.coli XL1 MRF cells. Clones with POX gene with Nde I and 

Xho I restriction sites were screened by colony PCR and a few colonies were inoculated 

in 5 mL LB (Ampicilin 100 μg/mL) tubes. Isolated individual plasmids were restriction 

digested with Nde I and Xho I enzymes to confirm the integration of POX gene.

PCR cycling condition: 

Temperature Time No. of cycles

95 ºC 5 min 1

95 ºC
60 ºC
72 ºC

40 s
30 s
1.2 min

          35

72 ºC 5 min 1

4 ºC hold 1

The recombinant POX clones with Nde I and Xho I restriction sites were directionally 

cloned in pET-28a(+) vector (Fig 4A.1). Colony PCR (Chapter 2 Section 2.8.3) was done 
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to screen the recombinant pET-28a(+) clones. Integration of POX gene in pET-28a(+) 

was confirmed by digestion with Nde I and Not I (Fig 4A.2).

Fig 4A.1: Vector map of pET-28a (+) and the lower panel shows MCS of the vector and arrows indicates 

the sites where POX gene is cloned in frame with the promoter.
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Fig 4A.2: Strategy used for directional cloning of POX gene in pET-28a (+) vector

4.2.2.9 Recombinant POX protein expression and its purification from inclusion 

bodies

4.2.2.9.1 Recombinant protein expression in E. coli (BL21)

A single bacterial (BL21) colony carrying recombinant pET-28a(+) with POX gene, from 

freshly streaked plates (grown on LB agar medium containing 50 μg / mL kanamycin) 

were used to inoculate 5 mL liquid LB medium containing the same concentrations of the 

antibiotic. Culture was grown overnight with shaking at 225 rpm at 37 °C. One mL

aliquot of over-night grown culture was used to inoculate 100 mL LB broth containing 50 

μg / mL kanamycin. Once the cultures reached OD600 0.4 to 0.5, recombinant protein 

expression was induced by the addition of isopropyl -β-D-thiogalactopyranoside (IPTG), 

and the culture was grown for 4 to 6 h at 37 °C with shaking at 150 rpm. Recombinant 

protein extraction was done according to the protocol described in Section 2.10.
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Likewise, four positive recombinant pET-28a(+) clones were screened for POX protein 

over-expression on 10% SDS PAGE (Chapter 2, Section 2.10.3). The clone showing 

maximum over-expression was chosen for further studies.

4.2.2.9.2 Purification of recombinant protein

His-tagged recombinant protein was purified by Metal Chelate Affinity Chromatography. 

The initial stage of His-tagged protein purification is based on the remarkable selectivity 

and high affinity of patented Ni-NTA (nickel-nitrilotriacetic acid) resin for proteins 

containing an affinity tag of six consecutive histidine residues, the 6xHis-tag. NTA, 

which has four chelating sites for nickel ions, binds nickel more tightly than metal-

chelating purification systems that have only three sites available for interaction with 

metal ions. The extra chelation site prevents nickel ion leaching, providing a greater 

binding capacity and high-purity protein preparations. Purification of recombinant POX

protein carrying a 6xHis-tag was conducted using Ni NTA Agarose beads (Qiagen) 

(Chapter 2, Section 2.10.2). Purity of protein was checked on 10% SDS-PAGE (Chapter 

2, Section 2.10.3).

4.2.2.9.3 Raising polyclonal antibody against purified POX protein in rabbit

The purified POX protein was used for raising polyclonal antibodies in New Zealand 

White rabbit. 

4.2.2.9.4 Pre-treatment of serum: As described in Chapter 2, Section 2.11.1

4.2.2.9.5 Determination of titre of antibodies

ELISA was performed to determine the titre of first, second and third bleed of rabbit 

serum (Chapter2, Section 2.11.2). Once the antibody titre was determined then, a fixed 

dilution of antibody was used for rest of the experiments.

4.2.2.9.6 Standardization of time for protein expression in soluble form

The information obtained from above section 4.2.2.9 was utilized for this experiment. 

Four flasks with 50 mL LB broth (Kanamycin 30 μg/mL) were inoculated with O/N 

grown culture of E.coli BL21 harboring recombinant pET-28a(+) plasmid carrying POX

gene. Induction with 0.1 to 1.0 mM IPTG was done and the cells were grown till A600
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reached 0.5. The flasks of 50 mL were used for analysis at different temperatures 37 °C, 

25 °C, 22 °C and 15 °C for 4 h, 6 h, 10 h and 16 h after induction. One flask as an 

uninduced control sample was used before inducing with IPTG. The soluble fraction of 

cell lysate was analysed on SDS-PAGE.

4.2.2.9.7 Protein estimation

Protein estimation was done using Bradford assay (1976). A standard graph was made for 

BSA and concentration of unknown sample was determined by plotting standard graph

(See appendix).

4.2.2.9.8 POX enzyme assay and kinetics

The purified peroxidases (POX) were attempted for polymerization studies. The reaction 

mixture (1.0 mL) contained the purified peroxidase, 0.1 mM monolignol, and 50 µM 

H202 in 40 mM phosphate buffer (pH 6.8). The reaction, initiated by adding H202 to the 

reaction mixture, was carried out at 30 oC. At the scheduled reaction time (2 min), 

recorded the absorbance at 263 and 272 nm for coniferyl alcohol and sinapyl alcohol, 

respectively. Differences in absorbance were converted to the amount of consumed 

monolignols using extinction coefficients of 15100 and 14100 M-1.cm-1 for coniferyl and 

sinapyl alcohol, respectively (Aoyama et al., 2002). See appendix, Table 2.9 substrates 

used for the study
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4.3 Results and discussions

4.3.1 Cloning of L. leucocephala POX gene in pET-28a (+)

POX gene was cloned in pET-28a(+) expression system to get the gene expressed in its 

active form and for its characterization.

4.3.1.1 Incorporation of restriction sites

The POX gene cloned in pGEM-T Easy vector was amplified using gene specific primers 

POX Forward and POX Reverse to incorporate the Nde I site at the 5’ end and Xho I site 

at 3’ end of POX gene. 

POX Forward - 5’ CAT ATG GCT TCC CTT ACC CAT TTC TTC TTA C 3’

POX Reverse - 5’ CTC GAG GTT GAC AAC CCT ACA ATT CTT TCG 3’

Approximately, 1 kb (948 bp POX + Nde I and Xho I restriction sites) band was 

amplified. The band was cut, purified, ligated in pGEM-T Easy vector and transformed in 

E.coli XL1 Blue cells. Clones with POX gene with Nde I and Xho I restriction sites were 

screened by inoculating a few colonies in 5 mL LB (Ampicilin 100 μg/mL) tubes. 

Isolated individual plasmids were restriction digested with Nde I and Xho I enzymes to 

confirm the integration of POX gene.

4.3.1.2 Directional cloning of L. leucocephala POX gene in pET-28a (+)

The above clone in pGEM-T Easy vector was restriction digested with Nde I and Xho I

restriction enzymes and gene of interest was purified. pET-28a(+) vector DNA was also 

digested with same restriction enzymes and purified. POX gene was directionally cloned

in purified restriction digested pET-28a(+) vector. Ligation mixture was transformed into

E.coli XL1 competent cells and plated on LB-agar plate (Kanamycin 50 μg/mL). 

Colonies of recombinant plasmids were screened by colony PCR (Fig 4A.3), with 

reaction cycles as shown in table below. Plasmids were isolated from PCR positive 

clones and were digested with Nde I and Xho I to confirm the integration of POX gene

fragment in pET-28a(+) vector (Fig 4A.4).
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Temperature Time No. of cycles

95 ºC 5 min 1

95 ºC
60 ºC
72 ºC

40 s
30 s
1min

         35

72 ºC 5 min 1

4 ºC hold 1

Fig 4A.3: Colony PCR showing 948 bp POX gene containing recombinant colones; Lane M- marker, lane 
1, 2, 3, 4 and 5 are positive clones. Fig 4A.4 Restriction analysis of recombinant pET-28a (+): lane 1 
recombinant vector releasing 948 bp POX gene and 5 kb vector backbone, lane 2 linearised recombinant 
vector with Nde I restriction enzyme.

4.3.2 Recombinant POX protein expression and its purification from inclusion 

bodies

4.3.2.1 Recombinant POX protein expression and purification

E.coli BL 21 (DE3) cells transformed with recombinant pET-28a(+) plasmids were 

screened for over-expression. A few positive recombinant clones were screened for 

recombinant POX protein over-expression. An approximately 36 kD protein was found to 

express in all clones analysed on 10% SDS-PAGE (Fig 4A.5a) with varying levels of 

expression and purified using Ni-NTA Agarose beads (4A.5b).
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Fig 4A.5a: 10% SDS-PAGE; Coomassie (R 250) stained: Lane 1 & 5 Protein Molecular weight marker.

Lanes 2, 3, 4, 6 & 7 POX protein expressed in E. coli BL 21 (DE3) carrying recombinant pET-28a(+)

Fig 4A.5b: 10% SDS PAGE; silver stained: Lane M Protein Molecular weight marker. Lanes 1 & 2 

purified POX using Ni-NTA Agarose beads, lane3 POX protein from inclusion bodies.

Purified POX protein was dialysed against 10 mM PBS buffer supplemented with 1 mM 

DTT and 0.1 mM PMSF overnight with two changes of fresh buffer. Dialysed POX

protein was concentrated, quantified by Bradford assay (Bradford reagent, 1976) and 

checked for its activity. Under all the experimental conditions followed using different 

substrates, the purified protein in its native form failed to produce active protein. Since 

peroxidases are highly glycosylated proteins and glycosylation is absent in bacterial 

system we assume lack of glycosylation as the probable reason behind this expressed 
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POX protein not to give activity. This purified POX protein was used for raising 

polyclonal antibodies in rabbit.

4.3.3 Raising polyclonal antibodies in rabbit

300 μg of purified POX protein was used for first injection in New Zealand rabbits to 

raise antibodies. Same amount of protein was used for booster doses. Antibody titer of 

first, second, third and fourth bleed was determined by ELISA. Titer of third bleed is 

~1:153600. The titre of third and fourth bleed is almost the same. The 3rd bleed serum 

dilution of 1:10000 was used for further experiments.

4.3.4 Directional cloning of POX gene in Pichia pastoris expression system

The association of peroxidase and glycans has been known for a long time, Van Huystee 

and Chibbar 1987, Olden et al., 1985. Overall, the glycans are important for the activity 

and stability of cPrx75 and for proteins in general (Faye et al., 1989). HRP contains 

seven glycans (Harthill and Ashford, 1992) would suggest that they have some special 

functions. To date a minimum of 250 to 300 enzymes are involved in the glycosylation 

processes (Eijnden and Joziasse, 1993) which requires a great amount of metabolic 

activity and thus the glycans probably have a purpose. Biochemical compounds without a 

role are usually eliminated in the evolutionary process. That would hold particularly true 

for glycans.

With this knowledge from the previous reports on peroxidases and assuming our lignin 

biosynthetic POX gene also to be a highly glycosylated protein, it was decided to clone 

and express POX gene in eukaryotic expression system to get the protein in its active 

form. Eukaryotic system shows glycoslation, a major factor involved in post-translational 

modification, a phenomenon which is not observed in prokaryotic system.  So, to 

successfully obtain the above POX protein in its active form, its expression in Pichia 

pastoris (Invitrogen, USA) system was attempted over E. coli where POX gene was not 

getting expressed in its active protein. 

As a eukaryote, Pichia pastoris has many of the advantages of higher eukaryotic 

expression systems such as protein processing, protein folding, and post-translational 

modification, while being as easy to manipulate as E. coli or Saccharomyces cerevisiae.
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Many of the techniques developed for Saccharomyces may be applied to Pichia pastoris. 

These include:

. Transformation by complementation

. Gene disruption

. Gene replacement

4.3.4.1 Signal peptide prediction using Signal-P bioinformatics tool

The signal peptide was predicted using Signal-P bioinformatics tool (www. 

cbs.dtu.dk/services/signalp/) and the mature protein was deduced by considering the 

output of the prediction. The output data (Fig. 4A.6) suggests the presence of a signal 

peptide of 25 amino-acids at N-terminal. The cleavage site was predicted between 24th

and 30th amino acids (Fig 4A.6)

Fig 4A.6: Picture showing the POX signal peptide predicted by Signal–P tools. The most probable signal 

peptide cleavage site has been shown by red vertical line on x-axis.
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The POX gene cloned in pGEM-T Easy vector was amplified using gene specific primers 

for Pichia pastoris namely, POX Picforward and POX Picreverse to incorporate the 

EcoR I site at the 5’ end and Not I site at 3’ end of POX gene to express mature peptide.

All PCR reactions were performed using high fidelity taq DNA polymerase (Invitrogen, 

USA).

POX Picforward – 5’ GAA TTC GCC CGA GAA GCC CGC CTT GGC 3’

POX Picreverse – 5’ GCG GCC GC GTT GAC AAC CCT ACA ATT CTT TCG 3’

Approximately, 900 bp (858 bp POX gene mature peptide coding region + EcoR I and 

Not I restriction sites) band was amplified. The band was cut, purified, ligated in pGEM-

T Easy vector and transformed in E.coli XL1 Blue cells. Clones with POX gene with 

EcoR I and Not I restriction sites were screened by colony PCR and were further 

confirmed by inoculating a few PCR positive colonies in 5 mL LB (Ampicilin 100 

μg/mL) tubes. Isolated individual plasmids were restriction digested with EcoR I and Not

I enzymes to confirm the integration of POX gene.

4.3.4.2 Directional Cloning of POX gene in pPICZα vector

If protein is normally secreted, glycosylated, or directed to an intracellular organelle, it is 

recommended to use pPICZα vectors. pPICZα A, B, and C are 3.6 kb vectors used to 

express and secrete recombinant proteins in Pichia pastoris. Recombinant proteins are 

expressed as fusions to an N-terminal peptide encoding the Saccharomyces cerevisiae α-

factor secretion signal. In the present study the nucleotide sequence coding for mature 

peptide for POX gene was amplified (using primers POX Picforward and POX 

Picreverse) and cloned directionally into pPICZα A vector (Fig 4A.7). The POX gene 

cloned in pPICZα A was confirmed by PCR and restriction analysis (Fig 4A.8).
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Fig 4A.7: Strategy used for directional cloning of POX gene in pPICZα A vector between EcoR I and Not I 

sites
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Fig 4A.8: Restriction analysis of recombinant pPICZα A releasing POX gene using EcoR I and Not I 

restriction enzymes in lanes 1, 2 & 3. Lane 4 is marker

4.3.4.3 Transformation of Pichia strain X-33 with recombinant pPICZα A vector

4.3.4.3.1 Preparation of DNA for transformation

The recombinant pPICZα A carrying POX gene was linearised using BstX I restriction 

enzyme for Pichia pastoris transformation.

4.3.4.3.2 Preparation of Pichia competent cells

Pichia pastoris cell line X-33 was used for competent cell preparation. Invitrogen’s 

Pichia EasyComp kit was used for chemical synthesis of competent Pichia cells, which is 

an alternative to electroporation and a rapid, convenient method for transformation. All 

reagents and solutions and cell lines were procured from Invitrogen, USA and strictly 

manufacturer’s (Invitrogen, USA) protocol was followed.

4.3.4.3.3 Pichia transformation with POX gene construct

Pichia EasyComp transformation protocol was used strictly following manufacturer’s

instructions (Invitrogen, USA)

4.3.4.4 PCR analysis of Pichia transformants for gene integration

Genomic DNA was isolated from Pichia clones which survived on the selection 

antibiotic, zeocine. Amplification of the gene of interest was carried out in putative 
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recombinant clones using 5’ AOX1 primer paired with the 3’ AOX1 primer provided with 

the kit (Invitrogen, USA). Recombinant X-33 Mut+ integrants should give two bands; one 

will correspond to the size of cloned gene of interest (Fig 4A.9) and the other to the

AOX1 gene (approximately 2.2 kb).

Fig 4A.9: PCR analysis of recombinant X-33 clones using AOX1 primers. Lane M- marker, lanes 1 & 3 

positive clones and lane 2 negative 

4.3.4.5 Recombinant POX protein expression and its purification

Randomly selected, six recombinant Pichia (strain X-33) clones and a control X-33 cell 

line, used for preparing competent cells was subjected to expression studies strictly 

following manufacturer’s (Invitrogen, USA) protocol. Extra-cellular broth (2-3 mL) was 

collected at 0 h, 3h, 6h, 12 h, 18 h, 24 h, 48 h and 72 h (methanol was added every 24 h 

to enhance induction as per manufacturer’s recommendation) after inoculation and 

checked for peroxidase activity using guaiacol 100 mM as substrate. It was noticed that 

from 12 h onwards detectable amount of peroxidase activity was observed in the broth 

and comparatively good activity was noticed between 18 and 24 h (Section 4.3.5). The 

extra-cellular broth was then subjected to ammonium sulphate precipitation and the 

fractions (0-40%; 40-60% and 60-80%) were subjected to dialysis against 20 mM 
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phosphate buffer pH 7.4 and was concentrated and checked on SDS-PAGE. No 

noticeable bands were observed when stained using Coomassie blue-R250, due to low 

protein expression levels. The same fraction was run on native PAGE and stained using 

20 mM Guaiacol and H2O2, where the fraction obtained between 60-80% showed a band 

for peroxidase activity. The band was around 58 to 66 kD over the expected 32 kD 

expected for the cloned 858 bp mature peptide coding region. This increase in size of the 

protein may be due to extensive glycosylation in eukaryotic (Pichia) expression system. 

Average yield of POX protein obtained per liter of broth was around 0.9- 1.2 mg, which 

was further purified using anion exchange chromatography by mounting Q Sepharose TM

Fast Flow column on to AKTAexplorer FPLC system (GE Health care). In FPLC system, 

the POX protein was dialysed against 20 mM phosphate buffer; same buffer was used to 

equilibriate and bind the protein; elution was done as continuous gradient using 1M NaCl 

in 20 mM phosphate buffer (Fig 4A.10).

Fig 4A.10: Purification of recombinant protein expressed in Pischia expression system using Q Sepharose 
TM Fast Flow column mounted on to AKTAexplorer FPLC system
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4.3.4.6 Western blot analysis

The recombinant protein expressed in Chapter 4, Section 4.3.2 was used to raise 

polyclonal antibody against POX protein in rabbit, Chapter 4, Section 4.3.3 (Bangalore 

Genei, Bangalore, India). The above raised anti-POX polyclonal antibody obtained from 

3rd bleed serum was diluted 1:10000 times and was used for western blot experiments.

Secondary antibody i.e. goat anti-rabbit IgG conjugated with alkaline phosphatase was

purchased from Bangalore Genei, Bangalore, India.

iBlot Gel Transfer System was used to transfer the protein from SDS-PAGE gels or from 

slot blot membranes by strictly following manufacturer’s (Invitrogen, USA)  instructions. 

The PVDF membrane containing transferred protein samples were processed as per 

standard procedure, blocking, treatment with primary antibody (anti-POX antibody 

Chapter 4, Section 4.3.3), washing followed by treatment with secondary antibody which 

is ALP conjugated, followed by washing and colour development using BCIP/NBT as 

substrate. The samples subjected for western analysis includes recombinant proteins 

expressed in Pichia pastoris expression system and crude protein from different tissues of 

Leucaena leucocephala seedlings. The recombinant proteins were slot blotted and 

subjected to western analysis (Fig 4A.11a), whereas, the plant extracts were run on 10% 

SDS-PAGE and blotted on to PVDF membrane (Fig 4A.11b). 

Fig 4A.11a: Western blot analysis of putative Pichia clones; lane mentioned as X-33 is control non-

recombinant cell line, clone 8 showed no POX expression, rest all showed positive signal for cloned POX 

gene product. Fig 4A.11 b: Western analysis of Leucaena plant extracts from stem, leaves and root tissues
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4.3.4.7 Guaiacol staining of peroxidase

In western blot analysis, it was revealed that the anti-POX antibody gave signals at two 

places on the blot when total Leucaena crude protein from shoot, leaf and root were 

challenged with the antibody. To study the above western result that is, whether there 

exist two peroxidase populations in Leucaena leucocephala and to know which one 

among those two population of POX is our isolated and characterized POX gene, guaiacol 

staining was performed using crude protein extracts from shoot, leaf and root samples 

along with the protein expressed in Pichia pastoris. From the guaiacol stained native 

PAGE gel (Fig 4A. 12) profile it is clear that there exists two major peroxidase 

populations based on their molecular weight (Fig 4A. 12 lanes 1. 2 & 3) and the Pichia 

pastoris expressed recombinant POX protein matched with the low molecular weight 

peroxidase population noticed in Leucaena leucocephala (Fig 4A. 12 lane 4). In lane 4, 

the recombinant protein expressed in Pichia, we can see the POX protein in varying 

level/extend of glycosylation in the form of a trailing band unlike clear-cut bands noticed 

in lanes 2 & 3 (Fig 4A. 12).

Fig 4A.12: Peroxidase stained using guaiacol on native PAGE: Lane 1 crude protein extract from shoot, 

lane 2 and 3 crude protein extracts from leaves and root respectively. Lane 4 recombinant POX expressed 

in Pichia.
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The heterologous expression of POX in Pichia pastoris was checked using guaiacol as 

substrate. Extra cellular broth was collected from recombinant clones at 0 h, 3h, 6h, 12 h, 

18 h, 24 h, 48 h and 72 h after inoculation and checked for peroxidase activity using 

guaiacol on native PAGE. It was noticed that from 12 h onwards detectable amount of 

peroxidase activity was observed and comparatively good activity was noticed between 

18 and 24 h (Fig. 4A.13).

Fig 4A.13: Guaicol staining of recombinant POX expression in Pichia at different time intervals on native 

12% gel showing gradual increse in POX expression with best expression at 24 h after induction

4.3.5 Peroxidase enzyme assay

The activity of peroxidase fractions during purification was routinely monitored by 

oxidation of guaiacol. The assay contained 20 mM potassium phosphate buffer pH 7.0, 

13.3 mM guaiacol, and 100 µM H2,O2. The reaction was initiated by addition of 

peroxidase (2 µL) and the color development was monitored over a period of 2 min at 

470 nm. For assays purified peroxidase was used at 10 nM concentration.

The substrates mainly tested were coniferyl alcohol and sinapyl alcohol the lignin 

monomers found in plants. The objective was to check whether the isolated and 

expressed lignin bisynthetic peroxidase can perform the proposed role, that is, 

polmerisation of lignin monomers or the monolignols. Substrate specificity of peroxidase 

was monitored with the following substrates coniferyl alcohol (A263 nm), sinapyl alcohol 
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(A272 nm) and guaiacol (A470 nm). The incubation medium contained 20 mM potassium 

phosphate buffer, pH 7.4, and 1mM H2O2. Reactions were monitored over a 2-min time 

course at the appropriate wavelength mentioned above. For coniferyl alcohol and sinapyl 

alcohol the differences in absorbance were converted to the amount of consumed 

monolignols using extinction coefficients of 15100 and 14100 M-1.cm-1 respectively. The 

apparent Km and Vmax for coniferyl alcohol, sinapyl alcohol and guaiacol are mentioned 

in the table below.

Substrate         Km Vmax (nKat/mg protein)

1 Coniferyl alcohol 3.1 ± 0.37 2780 ± 28.7

2 Sinapyl alcohol 5.2 ± 0.8 741.2 ± 17

3 Guaiacol 23.2 ± 1.9 2073 ± 35

From the preliminary studies, it is revealed that among the three substrates (coniferyl 

alcohol, sinapyl alcohol and guaiacol) tested coniferyl alcohol is the preferred substrate 

over sinapyl alcohol and guaiacol. The order of affinity for the above substrates is in the 

order coniferyl alcohol > sinapyl alcohol > guaiacol. When compared with sinapyl 

alcohol and guaiacol, enzyme has more affinity to sinapyl alcohol but the catalytic rate is 

low as per the Vmax values. Further enzyme characterization and studies using different 

substrates are in progress; but at this point we can infer that the POX gene isolated from 

L. leucocephala expressed in Pichia expression system in its active form have affinity to 

monolignols and plays a role in lignification process.

4.3.6 Discussion

Class III lignin biosynthetic peroxidase (POX) isolated from L. leucocephala was over-

expressed using pET-28a(+) expression system (Novagen, USA). The pET vectors carry 

N-terminal His•Tag®/thrombin/S•Tag™/enterokinase configuration plus an optional C-

terminal His•Tag sequence. Unique sites (Nde I and Xho I) in pET-28a(+) vector (Fig. 

4A.1) was selected to clone POX gene inframe with the promoter to get the protein 

expressed along with the His tags. The 6X His affinity tag facilitates binding of POX 

protein to Ni-NTA agarose beads and thereby its purification. Since the expressed POX 
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protein was not giving activity under all experimental conditions tried, the purified 

protein was used to raise polyclonal antobodies in rabbit (New Zealand White) and these 

antibodies were used for futher studies like western, ELISA and immuno-

cytolocalization. Since peroxidases are highly glycosylated proteins, the nucleotides 

coding for mature POX protein was cloned in pPICZα A (using Signal-P bioinformatics 

tool) and was expressed as secreated protein in Pichia pastories strain X-33. The 

expressed protein was purified using anion exchange matrix (Q SepharoseTM Fast Flow 

column) mounted on to AKTAexplorer FPLC system (GE Health care). The purified 

protein was obtained in its active glycosylated form and was confirmed by western 

analysis. This POX protein was partially characterized and kinetic studies revealed based 

on its low Km value that, expressed POX enzyme have more affinity to coniferyl alcohol 

(Km3.1 ± 0.37) than sinaply alcohol (Km5.2 ± 0.8). Since the isolated, cloned and 

expressed L. leucocephala POX gene is able to polymerise monolignols, it is confirmed 

beyond doubt that they have definite role in lignin biosynthesis in L. leucocephala. 

Further enzyme characterization and analysis of the polymerised compounds is in 

progress.

4.3.7 Conclusion

The peroxidase gene (POX) isolated from L. leucocephala was directionally cloned in 

pET-28a(+) expression system. Recombinant POX protein was standardized for over-

expression and purified from inclusion bodies; it was used to raise antibodies in rabbit

(New Zealand white). The candidate peroxidase protein was detected in L. leucocephala

by Western blotting. The gene coding for mature peptide of POX was cloned in 

eukaryotic expression system of Pichia pastoris and was expressed as glycosylated 

protein in its active form. POX enzyme activity for substrates like coniferyl alcohol, 

sinaply alcohol and guaiacol was also standardized from purified POX protein expressed 

in Pichia. The functional expression of recombinant POX protein confirms that the 

cDNA isolated from L. leucocephala encodes for lignin biosynthetic peroxidase enzyme.
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4.4 Introduction

Although the roles of most genes of the monolignol biosynthesis pathway in determining 

lignin amount and composition have been elucidated, our knowledge is still scarce on 

how monolignol biosynthesis integrates into wider plant metabolism and how plant 

metabolism responds to changes in the expression of individual monolignol biosynthesis 

genes. With the advent of genomic tools that enable unbiased transcriptome and 

metabolome wide analyses, such interactions can now be elucidated. Lignin deposition 

imparts rigidity and structural support to the cell wall. However, the data of lignin 

biosynthesis in relation to stem development at gene/transcript level is still limited in 

woody angiosperms or tree species. 

Previously studies were done to identify the monolignol biosynthetic genes in lignifying 

Sotaka spruce shoots (Friedmann et al., 2007) and in different tissues of maize 

(Guillaumie et al., 2007b) using micro/macroarray hybridisations. Appearance of several 

peroxidase isoforms has been correlated with tracheary element differentiation and 

lignifications (Fukuda and Komamine, 1982, Pesquet et al., 2005, Sato et al., 2006). 

Highly similar peroxidases from Arabidopsis were temporally and spatially linked with 

lignifications (Sato et al., 2006). In the present study, we used reverse transcription 

followed by polymerase chain reaction (real-time RT-PCR), since the method is very 

sensitive and specific when differentiation between highly similar transcripts is needed 

(Huggett et al., 2005).

The reports on temporal expression pattern of POX gene(s) involved in monolignol 

polymerisation in woody angiosperms is very limited. In the present study, expression of 

the identified lignin biosynthetic POX gene was performed in more detail in L.

leucocephala to verify the expression patterns and to explore their roles under specific 

developmental conditions. Studying different aspects of POX like determining the protein 

expression pattern in stem and root tissues by ELISA, transcript analysis using RT-PCR 

and immuno-cytolocalization, especially with respect to different developmental stages 

can provide sufficient knowledge for genetic engineering of tree species, in context of 

lignin biosynthesis.
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4.5 Materials and methods

4.5.1 Plant material

Seeds of L. leucocephala (K-636) were treated as described in Chapter 2: section 2.1.1. 

The imbibed seeds were transferred to ½-MS basal medium. The day of inoculation was 

considered as the zero day. Seedlings were harvested at 5, 10, 15 and 20 days 

respectively (Fig 4B.1a, Fig 4B.2a, Fig 4B.3a, Fig 4B.4a and Fig 4B.5a). For 10, 15 and 

20 day seedlings root, shoot and leaves were harvested separately and were used for 

Real-Time PCR analysis, ELISA and immuno-cytolocalization studies.

4.5.2 Primary antibodies for anti POX protein

Purified POX protein was used to raise antibodies in rabbit as discussed in Chapter two, 

Section 2.10 and 2.11.

4.5.3 Secondary antibody

Alkaline phosphatase tagged goat anti- rabbit IgG antibodies were purchased from 

Merck.

4.6 Methods

4.6.1 Total RNA extraction and cDNA synthesis

Total RNA was isolated from experimental germinated seedlings according to the TRI 

reagent (Sigma, Germany) or hot phenol method at different time intervals. First strand 

cDNA synthesis, primed with an oligo (dT)15 primer, was performed with Avian 

Myeloblastosis Virus Reverse Transcriptase (AMV-RT) according to the manufacturer’s 

protocol (Promega Corp., Madison, USA).

4.6.2 Quantitative Real Time PCR (Q-PCR)

Quantitative Real Time PCR is a powerful tool for gene expression analysis and was first 

demonstrated by Higuchi et al. (1992, 1993). Q-PCR quantifies the initial amount of the 

template most specifically and is a preferable alternative to other forms of quantitative 

reverse transcriptase PCR that detect the amount of final amplified product at the end 

point (Freeman et al., 1999). Q-PCR monitors the fluorescence emitted during the 

reaction as an indicator of amplicon production during each PCR cycle (i.e., in real time) 
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as opposed to the endpoint detection. In the present study the SYBR Brilliant® II QPCR 

Master Mix (Stratagene, USA) was used. This kit supports quantitative amplification and 

detection systems. The kit supports PCR amplifications and detection of a variety of 

DNA targets, including genomic DNA, plasmid DNA, and cDNA. The SYBRBrilliant II 

QPCR master mix includes SureStart® Taq DNA polymerase, a modified version of 

Taq2000™ DNA polymerase with hot start capability. A passive reference dye (an 

optional reaction component) is provided so as to control the final dye concentration, 

increasing the flexibility of the reagents for use with different platforms. The fluorescent 

dye SYBR Green I in the master mix enables the analysis of many different targets 

without having to synthesize target-specific labeled probes. 

Real time PCR can be divided into four major phases: the linear ground phase, early 

exponential phase, log-linear (also known as exponential) phase, and plateau phase. 

During the linear ground phase (usually the first 10–15 cycles), PCR is just beginning, 

and fluorescence emission at each cycle has not yet risen above background. Baseline 

fluorescence is calculated at this time. At the early exponential phase, the amount of 

fluorescence has reached a threshold where it is significantly higher (usually 10 times the 

standard deviation of the baseline) than background levels. The cycle at which this occurs 

is known as Ct in ABI Prism® literature (Applied Biosystems, Foster City, CA, USA) or 

crossing point (CP) in LightCycler® literature (Roche Applied Science, Indianapolis, IN, 

USA). This value is representative of the starting copy number in the original template 

and is used to calculate experimental results. During the log-linear phase, PCR reaches its 

optimal amplification period with the PCR product doubling after every cycle in ideal 

reaction conditions. Finally, the plateau stage is reached when reaction components 

become limited and the fluorescence intensity is no longer useful for data calculation. In 

general, lower Ct value indicates higher initial copies.

4.6.2.1 Q-PCR considerations: See chapter 2: section 2.8.5.1

4.6.2.2 Preparing the RT-qPCR reactions: See chapter 2: section 2.8.5.2

4.6.2.3 Real-time quantitative PCR for POX gene

Total RNA was extracted individually from roots and shoots at different time intervals 

from developing seedling of L. leucocephala. One g of total RNA was used for making 
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cDNA using ImProm cDNA synthesis kit (Promega, Madison, USA). Brilliant 

SYBRGreen QPCR kit (Stratagene, USA) and Stratagene Mx3000P real time machine 

were used for all reactions. The primer sequences that were designed for Leucaena POX

gene and 5.8S rRNA are given in Table 4B.1. Optimal numbers of PCR cycles within the 

linear range of amplification for each gene were determined in preliminary experiments. 

RT-PCR reactions were performed following conditions mentioned in Chapter 2: section 

2.8.5.3 with annealing temperature of 55 oC. The reaction was run in triplicates and 

repeated twice. It was ensured that equal quantity of RNA template was used for each 

reaction (Pfaffl, 2001; Freeman et al., 1999; Edyta Zdunek-Zastocka, 2008).

Table 4B.1 Primer sequences designated for Leucaena POX gene and 5.8S rRNA

Primer               Sequence 5’ – 3’ Tm in C

Abi POX F1 CTGTGTCTTGTGCTGATATCTTGG 64

Abi POX R1 GATCTCGCTGTTGGCTTTGC 62

Ctrl5.8S F CTAAACGACTCTCGGCAAC 58

Ctrl5.8S R TTCAAAGACTCGATGGTTCAC 60

4.7 Enzyme extraction from developing seedlings and ELISA Analysis

0, 5, 10, 15, 20 and 30 day old stem and root samples were harvested and homogenized in 

buffer (100 mM Tris-HCl pH.7.5, 2% PVPP, 2% PEG 4000, DTT 5 mM and PMSF 1 

mM). Leaf tissue was not considered for this experiment. Homogenized tissues were 

centrifuged at 12000 g at 4 C and supernatant was collected in fresh microfuge tube. All 

supernatants were quantified using Bradford assay (Bradford reagent, BioRad, USA). 

Total protein used per well for ELISA was 25 g. All samples were coated in triplicates. 

Primary antibody was used at a dilution of 1/10000 and secondary antibody was anti-

rabbit goat IgG tagged with alkaline phosphatase at a dilution of 1/20000.  PNPP (p-nitro 

phenyl phosphate) was used as a substrate for all reactions at a concentration of 1 mg/mL. 

A standard graph was made using 1 ng to 32 ng of purified recombinant POX protein. 

Experiment was repeated twice for reproducibility.
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4.8 Immuno-cytolocalization of POX protein in Leucaena leucocephala

Solutions: See Appendix: Table 2.10

Protocol: See Chapter 2: Section 2.11.3

4.9 Histochemical staining of lignin

Solutions: Phloroglucinol 2% in 95% Ethanol

Free hand transverse sections were prepared for histochemistry as described in Chapter 2: 

Section 2.11.3. Phloroglucinol staining was done by covering pretreated slide with 

phloroglucinol for half an hour and then concentrated HCl was added. Lignified tissue 

takes up red color. A cover slip mounted on the specimen using glycerol was sealed to 

the slide using nail enamel. The slides were viewed under a light microscope and pictures 

captured (Axioplan 2, Zeiss).

4.10 FTIR analysis

FTIR was done using Spectrum One, machine from Perkin Elmer, USA. Growing 

seedlings in normal condition were considered for this experiment to monitor any change 

in quality of lignin produced at different point of time. Spectrum One (Perkin Elmer, 

USA) is capable of analyzing powder as well as liquid samples. Powdered lignin samples 

were analysed according to the manufacturer’s recommendation.

4.10.1 Sample preparation: See Chapter 2: Section 2.14.

4.10.2 FTIR Scanning

FTIR scanning was done ten times for each sample and values were recorded in percent 

transmission. All values were corrected for baseline KBr scan.
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4.11 Results and discussions

Expression studies were done using developing seedlings of L. leucocephala. Mx 3000P 

(Stratagene, USA) was used for expression studies. Spectrum One (Perkin Elmer, USA) 

was used for FTIR analysis.

4.11.1 Spatio-Temporal expression pattern of POX gene, Real-time PCR

Temporal expression of POX was carried out by isolating total RNA from 5, 10, 15 and 

20 day old developing seedlings. Seedlings were subjected to treatments (1% mannitol, 

2% mannitol, 100 mM NaCl and 200 mM NaCl) under light and dark conditions, along 

with control not subjected to any stress.

4.11.1.1 Real Time PCR analysis for spatio-temporal POX expression pattern in 

developing shoots and roots of L. leucocephala grown under light and dark

(Fig.4B.1a)

Fig 4B.1a: Leucaena leucocephala seedlings of 5day, 10 day, 15 day and 20 day grown under light and 

dark conditions. “L”-stands for light grown, “D”- stands for dark grown plants
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Fig 4B.1b: Relative expression of POX transcript in terms of Ct value in different plant tissues of different 

age L. leucocephala seedlings under light and dark conditions. On X-axis is tissue (shoot and stem) with 

age of seedling. On Y-axis is quantity in terms of Ct value. The numbers 5d, 10d, 15d and 20d represents 

age of seedling in days

Based on the Ct values, the expression patterns in different tissue types of different age 

groups were analyzed. The mean Ct value was calculated for three replicates of each 

treatment along with the internal control (5.8S rRNA) gene. The mean Ct values obtained 

from all the samples along with the standard deviation were used for analysis. It was 

assumed that the reference gene (5.8S rRNA) doesnot vary in copy number or expression 

level in the samples of study which is evident by the very little fluctuations in the Ct 

values obtained from RT-PCR amplification plots.

For normal light and dark grown plants the highest expression of POX was observed in 

15 day dark grown shoot (Fig 4B.1b), followed by 20 day light grown shoot and 15 day 

light grown shoot. Lowest expression was noticed in 5 day light and dark grown root (Fig 

4B.1b). The 2-ΔΔCt method is a convenient way to analyze the relative changes in gene 

expression from real time quantitative PCR experiments (Pfaffl MW. 2001), as 2-ΔΔCt 

actually reflects the fold expression. Based on 2-ΔΔCt values, the highest expression 

obtained for POX transcript was for 15 day dark grown shoot; which showed 18.25 fold 

expression in comparison with the lowest expression in 5 day old root (Fig 4B.1b).
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4.11.1.2 Real Time PCR analysis for spatio-temporal POX expression pattern in 

developing shoots and roots of L. leucocephala grown under light and dark (Fig 

4B.2a) with 1% mannitol as drought stress.

Fig 4B.2a: Leucaena leucocephala seedlings of 5day, 10 day, 15 day and 20 day grown under light and 

dark conditions with 1% mannitol as stress to induce drought.  “L”-stands for light grown, “D”- stands for 

dark grown plants

For 1% mannitol light and dark grown plants the highest expression of POX was 

observed in 20 day dark grown shoot (Fig 4B.2b), followed by 20 day light grown shoot 

and 10 day dark grown shoot. Lowest expression was noticed in 5 day dark grown root 

(Fig 4B.2b). Based on 2-ΔΔCt values, the highest expression obtained for POX transcript 

was for 20 day dark grown shoot; which showed 36.25 fold expression in comparison

with least expressed 5 day old root (Fig 4B.2b).
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Fig 4B.2b: Relative expression of POX transcript in terms of Ct value in different plant tissues of different 

age L. leucocephala seedlings under light and dark conditions with 1% mannitol stress. On X-axis is tissue 

(root and stem) with age of seedling. On Y-axis is quantity in terms of Ct value. The numbers 5d, 10d, 15d 

and 20d represents age of seedling in days

4.11.1.3 Real Time PCR analysis for spatio-temporal POX expression pattern in 

developing shoots and roots of L. leucocephala grown under light and dark (Fig

4B.3a) with 2% mannitol as drought stress.

For 2% mannitol light and dark grown plants the highest expression of POX was 

observed in 20 day light grown shoot (Fig 4B.3b), followed by 20 day dark grown shoot 

and 20 day light grown root. Lowest expression was noticed in 5 day dark grown root 

(Fig 4B.3b). Based on 2-ΔΔCt values, the highest expression obtained for POX transcript 

was for 20 day light grown shoot; which showed 14.32 fold expression in comparison

with least expressed 5 day old dark grown root (Fig 4B.3b).
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Fig 4B.3a: Leucaena leucocephala seedlings of 5day, 10 day, 15 day and 20 day grown under light and 

dark conditions with 2% mannitol as stress to induce drought.  “L”-stands for light grown, “D”- stands for 

dark grown plants

Fig 4B.3b: Relative expression of POX transcript in terms of Ct value in different plant tissues of different 

age L. leucocephala seedlings under light and dark conditions with 2% mannitol stress. On X-axis is tissue 

(root and stem) with age of seedling. On Y-axis is quantity in terms of Ct value. The numbers 5d, 10d, 15d 

and 20d represents age of seedling in days
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4.11.1.4 Real Time PCR analysis for spatio-temporal POX expression pattern in 

developing shoots and root of L. leucocephala grown under light and dark (Fig 

4B.4a) with 100 mM NaCl as salt stress.

Fig 4B.4a: Leucaena leucocephala seedlings of 5day, 10 day, 15 day and 20 day grown under light and 

dark conditions with 100 mM NaCl as salt stress.  “L”-stands for light grown, “D”- stands for dark grown 

plants

Fig 4B.4b: Relative expression of POX transcript in terms of Ct value in different plant tissues of different 

age L. leucocephala seedlings under light and dark conditions with 100 mM NaCl stress. On X-axis is 

tissue (root and stem) with age of seedling. On Y-axis is quantity in terms of Ct value. The numbers 5d, 

10d, 15d and 20d represents age of seedling in days
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For 100 mM NaCl, light and dark grown plants the highest expression of POX was 

observed in 20 day light grown shoot (Fig 4B.4b), followed by 20 day light grown root 

and 20 day dark grown shoot. Lowest expression was noticed in 10 day dark grown root 

(Fig 4B.4b). Based on 2-ΔΔCt values, the highest expression obtained for POX was for 20 

day light grown shoot; which showed 23.89 fold expression in comparison with least 

expressed 10 day old dark grown root (Fig 4B.4b).

4.11.1.5 Real Time PCR analysis for spatio-temporal POX expression pattern in 

developing shoots and root of L. leucocephala grown under light and dark (Fig 

4B.5a) with 200 mM NaCl as salt stress.

Fig 4B.5a: Leucaena leucocephala seedlings of 5day, 10 day, 15 day and 20 day grown under light and 

dark conditions with 200 mM NaCl as salt stress.  “L”-stands for light grown, “D”- stands for dark grown 

plants

For 200 mM NaCl, light and dark grown plants the highest expression of POX was 

observed in 20 day light grown shoot and root (Fig 4B.5b), followed by 20 day dark 

grown shoot. Lowest expression was noticed in 10 day light grown root (Fig 4B.5b). 

Based on 2-ΔΔCt values, the highest expression obtained for POX transcript was for 20 day 
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light grown shoot; which showed 18.7 fold expression when compared with the lowest

expressed 10 day old dark grown root (Fig 4B.5b).

Fig 4B.5b: Relative expression of POX transcript in terms of Ct value in different plant tissues of different 

age L. leucocephala seedlings under light and dark conditions with 200 mM NaCl stress. On X-axis is 

tissue (root and stem) with age of seedling. On Y-axis is quantity in terms of Ct value. The numbers 5d, 

10d, 15d and 20d represents age of seedling in days

4.11.2 Temporal expression pattern of POX in Leucaena seedlings, ELISA analysis

A standard graph for ELISA analysis was made using serial dilution of purified POX 

protein, which revealed that an OD405 of 0.0256 ± 0.0088 corresponds to 1 ng of purified 

POX protein (Fig 4B.6). Graph was made using Graph Pad Prism software.

Fig 4B.6: Standard graph: An OD405 of 0.0372 ± 0.0068 represents 1 ng of extractable POX protein
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In case of root samples, 15 day old root (R 15) (Fig 4B.7) showed maximum amount of 

extractable POX protein, followed by detectable amounts of proteins in 5 day old root (R 

5), 20 day (R20), 10 day (R 10), 30 day (R 30) and zero day ((R 0) - corresponds to 

radical axis after scarification and imbibitions on the day of inoculation).

Fig 4B.7: ELISA profile for temporal expression of extracted POX protein in growing seedlings of L. 

leucocephala: Values on y-axis represent O.D at 405 nm in ELISA assay using PNPP (p-Nitro phenyl 

phosphate) as substrate. It can be directly correlated with amount of extractable POX protein in the tissue. 

R0, R 5, R 10, R 15, R 20, R 30 are 0-30 day old developing root tissues. All values are plotted with 

standard deviation taken into account.

In case of shoots/stem samples, expression of extractable POX protein was highest in 

case of S0 (0 day stem sample) and lowest in S 5 (Stem 5 day old) and S10 (10 day old 

stem) followed by S 20 (20 day old stem) and S 30 (30 day old stem) Fig 4B.8.
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Fig 4B.8: ELISA profile for temporal expression of extracted POX protein in growing seedlings of L. 

leucocephala: Values on y-axis represent O.D at 405 nm in ELISA assay using pNPP (p-Nitro phenyl 

phosphate) as substrate. It can be directly correlated with amount of extractable POX protein in the tissue. 

S0, S 5, S 10, S 15, S 20, and S 30 are 0-30 day old developing stem tissues. All values are plotted with 

standard deviation taken into account.

4.11.3 Immuno-cytolocalization of POX in developing seedlings of Leucaena 

leucocephala

POX protein was immuno-cytolocalized in tissues undergoing active lignification i.e 

vascular bundle and xylem fibres. The deposition of blue-black to brownish precipitate 

after incubating with BCIP/NBT mix confirms the presence of POX protein near the sites 

of lignification (Fig 4B.9A, 4B.9B, 4B.9C and 4B.9D). Comparison of the sections where 

POX was immuno-localized, was done with lignin staining using phloroglucinol-HCl; the

stained sections of 5 day and 15  day old root and stem samples at low and high 

magnification clearly shows lignification at the sites were POX was immuno-localized.

In root and stem as the xylem tissue develops, the expression of POX protein is also 

found increasing; correspondingly the extent of lignification was also found increasing in 

the order 5 day to 20 day stage, very well reflected by immunolocalization of POX

protein and lignin staining by phloroglucinol-HCl shown in Fig 4B.9A to Fig 4B.9D. In 

transverse sections of root and stem xylem and phloem fibers shows presence of POX

protein and lignin (stained tissues), which is clearly absent in pith tissue and cortex. 
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Images under higher magnification clearly show presence of POX protein and 

corresponding lignin deposition in cell wall of xylem tissue.

Fig 4B.9A: Immuno-cytolocalization and Phloroglucinol stained sections of POX protein in 5 day old

root of L. leucocephala: Arrows denotes regions of POX localization and corresponding lignifications
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Fig 4B.9B: Immuno-cytolocalization and Phloroglucinol stained sections of POX protein in 5 day old 

stem of L. leucocephala: Arrows denotes regions of POX localization and corresponding lignifications
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Fig 4B.9C: Immuno-cytolocalization and Phloroglucinol stained sections of POX protein in 15 day 

old root of L. leucocephala: Arrows denotes regions of POX localization and corresponding lignifications
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Fig 4B.9D: Immuno-cytolocalization and Phloroglucinol stained sections of POX protein in 15 day 

old stem of L. leucocephala: Arrows denotes regions of POX localization and corresponding lignification

4.11.4 FTIR analysis

FTIR analyses of 10 day and 15 day old root and stem of developing seedlings were

done. FTIR analysis revealed that there is no qualitative difference in lignin composition 

of 10 & 15 day old developing stem (Fig 4B.10A) and 10 & 15 day old developing root 

(Fig 4B.10B). FTIR scan of commercial lignin was also performed to characterize 

signature peaks of Lignin (Fig 4B.10A and B). Peaks with wavenumber 1040 cm-1 denote 

dialkyl ether linkage (between cinnamyl alcohol subunits), peak 1270 cm-1 corresponds to 

C-O stretching, aromatic (methoxy), peak 1595 cm-1 is aromatic ring with C=O stretching 

and  peak 1510 cm-1 represents aromatic ring with C-O stretching (MacKay et al., 1997).
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Fig 4B.10A: FTIR analysis of 10 & 15 day old developing stem: Peaks with wave number in the range of 1595 to 1599 cm-1, 1040 to 

1062 cm-1, 1250 to 1270 cm-1 and 1510 to 1512 cm-1 are characterized to be signature peaks of monolignols and lignin. Signature peaks of 

commercial lignin are 1044 cm-1, 1268 cm-1, 1512 cm-1 and 1598 cm-1.
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Fig 4B.10B: FTIR analysis of 10 & 15 day old developing root: Peaks with wave number in the range of 1595 to 1599 cm-1, 1040 to 

1057 cm-1, 1250 to 1270 cm-1 and 1507 to 1512 cm-1 are characterized to be signature peaks of monolignols and lignin. Signature peaks of 

commercial lignin are1044 cm-1, 1268 cm-1, 1512 cm-1 and 1598 cm-1
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4.12 Discussion

In this report, spatio-temporal expression of the lignin biosynthetic POX gene in 

Leucaena leucocephala has been investigated in stem and root for the first time. The 

expression pattern of POX was monitored from 5to 20 day of growing seedlings using 

real-time PCR to throw some light on the role of POX gene in plant development 

(Section 4.11.1). As the plant grows from seedling, the level of expression of POX gene 

also increases and this can be directly correlated to the developing xylem tissue inside the 

vascular bundle. Reports have shown that POX gene is expressed mostly in tissues 

undergoing active lignifications and in case of Leucaena POX activity increases from 0-

20 day (stem and root) as lignification is also in progress at this time. Taking cognizance 

of the above data of spatio-temporal expression profile, it can be suggested that POX is 

involved in constitutive lignification in developing tissues of developing seedling.

The expression of POX transcripts during stem and root development was found 

paralleled with extractable POX enzyme quantity using ELISA based technique. It was 

also found that the increase of POX gene expression is not in proportion to the increase in 

Klason lignin (data not shown). This can be explained as follows:  mRNA levels and 

quantity of protein just reflect a time-point value when measured in plant tissues, while 

Klason lignin is accumulated progressively. Once lignin is deposited in plant tissues, it 

cannot be converted or degraded. For this reason, it is often seen that the higher 

expression activity of lignin biosynthetic gene just leads to a small increase in lignin 

content (Ma, 2007). The almost exclusive expression of our candidate POX in stem and 

root tissues suggests that it is involved in lignification in developing tissues. To date, 

however, there is little information at the molecular level as to how the regulations of 

lignin synthesis affects stem and root development. Hence this information could be 

helpful in predicting the role of lignin in stem and root development in future.

Regarding the expression of the POX gene, it was revealed from the study conducted on 0 

day to 20 day old seedlings that, the level of expression generally increased with the age 

of the seedlings both in light and dark grown plants (without any other stress; section 

4.11.1.1). The highest expression was noticed in 15 day old dark grown shoot and lowest 
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was in 5 day old dark grown root. That is, when represented in terms of fold expression 

the 15 day old dark grown shoot showed 18.25 fold expression over 5 day old dark grown 

root.

When mannitol was used to induce water-stress in the experimental seedlings, it was 

found that the expression of POX gene getting increased. Initially, with 1% mannitol 

(section 4.11.1.2) the 20 day old dark grown shoot showed 36.25 fold expression over the 

least expressed 5 day old dark grown root. When stress was increased using 2% mannitol 

(section 4.11.1.3), the 20 day old light grown shoot showed highest level of expression, 

followed by 20 day dark grown shoot. The 20 day old light grown shoot showed 14.32 

fold expression, over the least expressed 5 day old dark grown root.

Similarly, when NaCl was used to induce salt stress, it was observed that with 100 mM 

NaCl as stress (section 4.11.1.4), the 20 day old light grown shoot showed highest 

expression of 23.89 fold expression over the lowest expressed 10 day old dark grown 

root. When stress was increased using 200 mM NaCl (section 4.11.1.5) the result 

observed was 20 day old light grown shoot showed 18.7 fold expression as compared with the 

lowest expressed 10 day old dark grown root

FTIR is a technique, which is mostly used to characterize chemical molecules. Peaks 

registered in FTIR scanning correspond to some special character of molecule like 

functional group, double bond, C-H bond, C-O bond etc. Peaks generated in lignin 

samples are also characterized by presence of aromatic group, O-H group, double bond, 

etc. This information was utilized to analyse quality of lignin in developing seedlings of 

L. leucocephala. It was found that quality of lignin did not change in 10 day and 15 day 

root and stem samples. Most peaks such as 1595 cm-1, 1512 cm-1, 1270 cm-1 and 1040 

cm-1 were common in all samples which suggest that similar quality of lignin is present in 

10 and 15 day developing root and stem sample.
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4.13 Conclusion

Spatio-temporal expression profile was investigated using real-time PCR analysis. It was 

found that POX gene transcript was expressed in developing stem and root specifically in 

xylem tissue. Extractable POX protein from developing seedlings were harvested at same 

point of time as in case of real-time PCR experiment, which also revealed the same 

pattern of POX gene expression. POX protein was immuno-cytolocalized in tissues which 

are undergoing lignification. Taking cognizance of above expression pattern and 

localization of POX protein near lignifying tissue it can be stated that cDNA isolated and 

characterized in Chapter Three of this thesis have definite role in lignin biosynthesis in 

Leucaena leucocephala.



CHAPTER 5   2



                                                                           Chapter 5 Plant Genetic Engineering and Analysis

Abhilash. O.U                                     Ph.D Thesis 2009                           University of Pune 165

5. Transformation of Leucaena leucocephala with peroxidase gene (LlPOX) and its 

analysis

This chapter includes the different strategies used to genetically modify the plant

systems. The plant transformation vector pCAMBIA1301 and 2301 harbouring the L. 

leucocephala peroxidase gene (LlPOX) in antisense orientation along with the reporter 

gene/scorable marker GUS were used for the study. Synthesis of a composite carbon-gold 

nano particles and its efficient use as micro-carriers is also dealt in detail in this section.

This composite carbon-gold nano particles denoted as HTC 600-Au (heat treated carbon 

gold at 600 °C) having gold nanoparticles embedded in sharp graphite like carbonaceous 

supports showed DNA delivery to model plant Nicotiana tabacum that was further taken 

to monocot Oryza sativa and a hardy dicot tree species Leucaena leucocephala. Two 

different strategies i.e. particle bombardment and particle bombardment followed by co-

cultivation with Agrobacterium is described in detail in this chapter. Evaluation and 

analysis of putative transgenic plants and confirmation of integration of these genes in L. 

leucocephala genome by GUS assay and by molecular techniques (like PCR, DNA 

sequencing and slot blot) is performed. Further these transgenics were subjected to 

ELISA and immuno-cytolocalization studies. This present study shows nano gold 

immobilized on sharp edge carbon, which can be synthesized with minimal energy

through biological approach, proved to be a better plant transformation abiotic carrier 

over the micron gold used in classical biolistic/gene-gun approach.

5.1 Introduction (general aspects of genetic transformation of trees)

Worldwide annual production of paper has increased more than three fold in the past 

forty years, amounting to a total production of 330 million tonnes (FAO, Forest report 

2003, http://maps.grida.no/go/graphic/paperandpaperboardproduction). In India, the 

annual production of paper is close to 5 million tonnes. India’s annual soft wood and pulp 

imports are worth US $ 300 million and the projected annual short fall of paper and paper 

products is expected to grow to approximately 4 million tonnes by the year 2010. 

Besides, the growth of paper and paper product consumption in India is expected to be 

the highest in Asia during the current decade. Thus, it has become essential to be self 

sufficient in paper and pulp production, which may be achieved with the development of 
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fast growing trees that provide higher biomass with low lignin content per unit of land. 

As discussed in Chapter Two; paper industry in India mainly uses bamboo, Eucalyptus 

sp., Casuarina sp. and Leucaena sp. as a source of raw material for paper and pulp 

production. Though all these species are important to the paper industry, Leucaena sp. is 

extensively used in India because of its easy adaptation to a wide range of agro-climatic 

conditions and high rate of biomass production and hence about 25% of raw material 

comes from this genus.

The undesirable component for paper and pulp industry is lignin. In Leucaena sp. its 

content ranges from 17 to 30% of total biomass. Lignins, second to cellulose in 

abundance, are conventionally considered to be polymers of three alcohol monomers, or 

monolignols: p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S) 

monomers differing in their degree of methoxylation (Boerjan et al., 2003; Freudenberg 

and Neish, 1968; Baucher et al., 2003 and Lewis et al., 1990). Each type of precursor 

may form several types of bonds with other precursors in forming a lignin polymer 

(Whetten et al., 1998). Lignin is closely linked to cellulose and hemicelluloses. In plants, 

lignin is mainly deposited in the walls of tracheary elements, sclerenchyma, phloem 

fibres, and periderm. This imparts firmness and structural support to the wall and assists 

in the transport of water and nutrients within xylem tissue by decreasing the permeability 

of the cell wall (Baucher et al., 2003; Humphreys et al., 2002; Lewis et al., 1990; 

Hahlbrock and Scheel, 1989). 

Out of the three monomer (H, G and S) units of lignin; S and G lignins are found largely 

in angiosperms. A higher S/G ratio is desirable for paper industry, as S lignin is less 

compact (higher degree of methoxylation) than G lignin. Higher S/G ratio facilitates the 

removal of total lignin in pulp making process.

The genetic transformation protocols based on Agrobacterium-mediated and/or direct 

gene transfers by biolistic bombardment have been successfully applied for numerous 

woody angiosperm species (Merkle & Nairn, 2005), including Populus and Betula. The 

introduction of transgenes have included both sense and antisense strategies (referring to

the orientation of the introduced gene into the plant genome) (Strauss et al., 1995; 

Baucher et al., 1998) and RNAi technology (Merkle & Nairn, 2005). In the antisense 
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strategy, duplex formation between the antisense transgene and the endogenous gene 

transcripts is proposed to induce the degradation of duplexes and correspondingly, lead to 

suppressed gene expression (Strauss et al., 1995). The sense strategy was originally 

targeted for overexpression of the genes but, as originally observed through the 

introduction of chalcone synthase transgene into petunia (Napoli et al., 1990), the sense 

strategy may also lead to silencing (down-regulation) of both the endogene and the 

transgene due to co-suppression (i.e. post-transcriptional gene silencing, PTGS). The 

molecular mechanism of the gene silencing was unclear for long time until the discovery 

of RNA interference (RNAi) (Yu & Kumar, 2003: Matthew, 2004; Chen, 2005; Bonnet et 

al., 2006; Zhang et al., 2006). In the RNAi silencing process, the transgene gives rise to 

long double-stranded (ds) RNA molecules, which are enzymatically cleaved into very 

small pieces of RNA (21 nt), referred to as small interfering RNAs (siRNAs). siRNAs are 

then incorporated in an RNA silencing system (RISC: RNA induced silencing complex) 

which is able to recognize, bind and induce cleavage or translation repression of 

complementary mRNAs (Bonnet et al., 2006; Zhang et al., 2006). The RNAi technique is 

currently being applied for the efficient production of down-regulated or knockout plants 

(Wesley et al., 2001), e.g. in genetic transformation of Betula pendula for achieving 

sterility (Lannenpaa, 2005).

5.1.1 Nanogold loaded sharp edged carbon bullets (HTC 600-Au), as Gene carrier 

for plant genetic engineering

We present our material, basically with the sharp sp2 carbon to make the injection. This 

sharp matrix supports gold nanoparticles giving the platform for the DNA to bind and 

provide minimum density for the carrier, to gain threshold velocity in the gene gun to 

pierce the hard cell wall in plant systems. The particles were prepared by inert heating of 

the fungus that produces intracellular gold nanoparticles, which also have no application 

otherwise. Intracellular synthesis of nanoparticles was first reported by Beveridge et al.,

followed by Klaus et al., 1999 in bacteria. Subsequently, screening and documentation of 

several eukaryotic fungal genera especially Verticellium sp. and actinomycetes for 

intracellular nanoparticle synthesis were done extensively by the groups at National 

Chemical Laboratory, India. The extracellular synthesis of nanoparticles with Fusarium 



                                                                           Chapter 5 Plant Genetic Engineering and Analysis

Abhilash. O.U                                     Ph.D Thesis 2009                           University of Pune 168

oxysporum and Trichothecium sp. was also well studied with various combinations of 

metal ions to produce different metal and metal oxide nanoparticles. In this context, the 

extracellular synthesis masked further research on intracellular nanoparticles as finding 

an application for the intracellular synthesis where nanoparticles are entangled in cellular 

matrix looked very difficult. 

We envisaged that, simple heat-treatment under inert conditions would convert biomatrix 

into a carbonaceous support with embedded nanoparticles. The obtained product was 

grained and used as potential carrier for gene delivery. Since the material formed by 

heating the intracellular nanoparticles get sand-witched and clamped well in the carbon 

mask, it can withstand the shattering in the DNA coating procedure. Otherwise, the inert 

carbon cannot be bonded to the gold to withstand sonication and high pressure involved 

in the DNA coating and the impact of gene delivery process respectively.

Further advantage of these particles are, first higher gold surface area to gold used, hence 

more gene cargo can be handled. Since the gold is known to support high DNA packing 

density that will give better transformation efficiency and low nuclease degradation. 

Second, graphite like carbon with the sharp edge can place the gene piercing the hard 

plant cell wall and nuclear membrane into the chromosomal site. The gene gun plant 

transformation creates hard puncture that requires the young embryo or the callus to be 

placed in the dark for the DNA to get integrated and for the wound to get healed. Where 

our composite nano material shows complementary effect with carbon, which is sharp 

and biocompatible leading to minimal injury and rapid wound healing to individual cells 

and thereby, leading to higher survival rates of the bombarded cells.

5.1.2 Agrobacterium mediated plant transformation 

The natural ability of the soil microorganism Agrobacterium to transform plants is 

exploited in the Agrobacterium-mediated transformation method. During the infection 

process, a specific segment of the plasmid vector, T-DNA, is transferred from the 

bacterium to the host plant cells and integrates into the nuclear genome. 



                                                                           Chapter 5 Plant Genetic Engineering and Analysis

Abhilash. O.U                                     Ph.D Thesis 2009                           University of Pune 169

5.1.3 Biology and life cycle of Agrobacterium tumefaciens 

Agrobacterium tumefaciens is a gram negative soil inhabiting bacteria that causes, crown 

gall disease in a wide range of dicotyledonous plants, especially in members of the rose 

family such as apple, pear, peach, cherry, almond, raspberry and roses. The strain, biovar 

3, causes crown gall of grapevine. Although, this disease reduces the marketability of 

nursery stock, it usually does not cause serious damage to older plants. Agrobacterium 

infection was first described by Smith and Townsend in 1907. The bacterium transfers 

part of its DNA to the plant, and this DNA integrates into the plant’s genome, causing the 

production of tumors and associated changes in plant metabolism. The unique mode of 

action of A. tumefaciens has enabled this bacterium to be used as a tool in plant 

transformation. Desired genes, such as insecticidal or fungicidal toxin genes or herbicide-

resistance genes, can be engineered into the bacterial T-DNA and thereby inserted into a 

plant. The use of Agrobacterium allows entirely new genes to be engineered into crop 

plants. Agrobacterium-mediated gene transfer is known to be a method of choice for the 

production of transgenic plants with a low copy number of introduced genes (Hiei et al., 

1997).

5.1.4 Infection process

Agrobacterium tumefaciens infects the plants through wounds, either naturally occurring 

or caused by transplanting of seedlings and nursery stock. In natural conditions, the 

motile cells of A. tumefaciens are attracted to wound sites by chemotaxis. This is partly a 

response to the release of sugars and other common root components. Strains that contain 

the Ti plasmid respond more strongly, because they recognise wound phenolic 

compounds like acetosyringone even at very low concentrations (10-7M). Acetosyringone 

plays a further role in the infection process by activating the virulence genes (Vir genes) 

on the Ti plasmid at higher concentrations (10-5 to 10-4 M). These genes coordinate the 

infection process. It is important to note that only a small part of the plasmid (T-DNA) 

enters the plant and the rest of the plasmid remains in the bacterium to serve further roles. 

When integrated into the plant genome, the genes on the T-DNA code for auxins, 

cytokinins and synthesis and release of novel plant metabolites (opines and 

agrocinopines).  These plant hormones upset the normal balance of cell division leading 
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to the production of galls. Opines are unique aminoacid derivatives and the agrocinopines 

are unique phosphorylated sugar derivatives. All these compounds can be used by the 

bacterium as the sole carbon and energy source.

5.1.5 Markers for plant transformation 

5.1.5.1 Selectable markers 

Genes conferring resistance to antibiotics like neomycin phosphotransferase II (nptII) 

(Baribault et al., 1989), hygromycin phosphotransferase (hpt) (Le Gall et al., 1994), 

phosphinothricin acetyl transferase / bialaphos resistance (pat/bar) (Perl et al., 1996) are 

being used to select transgenic cells. Another selectable marker gene, 

phosphomanoisomerase(pmi), which catalyzes mannose-6phosphate to fructose-6-

phosphate, an intermediate of glycolysis that positively supports growth of transformed 

cells, is also recently being used. Mannose absorbed by the plant cells converts into 

mannose-6- phosphate, an inhibitor of glycolysis, inhibits growth and development of 

non-transformed cells. Transformed cells having PMI gene can utilize mannose as a 

carbon source.

5.1.5.2 Screenable markers 

The oncogenes of Agrobacterium are replaced by reporter/screenable marker genes like 

ß-glucuronidase gene (gus) (Baribault et al., 1990), luciferase (luc)gene for analyzing 

gene expression. Since the first demonstration of the green fluorescent protein (gfp) gene 

from jellyfish Aequorea victiria as a marker gene (Chalfie et al., 1994), gfp has attracted 

increasing interest and is considered advantageous over other visual marker genes. Unlike 

other reporter proteins, GFP expression can be monitored in living cells and tissues in a 

non-destructive manner. This gene has been used as a visible reporter gene in genetic 

transformation of both monocots and dicots (Haseloff et al., 1997; Reichel et al., 1996; 

Kaeppler and Carlson, 2000). The fluorescence emission of GFP only requires the 

excitation of living cells by UV or blue light (390 nm strong absorption and 470 nm weak 

absorption), which results from an internal p-hydroxybenzylideneimidazolinine 

fluorophore generated by an autocatalytic cyclization and oxidation of a ser-gly sequence 

at aminoacid residues. The other advantage of gfp as a reporter gene is that no 



                                                                           Chapter 5 Plant Genetic Engineering and Analysis

Abhilash. O.U                                     Ph.D Thesis 2009                           University of Pune 171

exogenously supplied substrate/ cofactors are needed for its fluorescence emission at 508 

nm. 

Red fluorescent protein marker (DsRed2, a mutant form of DsRed from Discosoma sp.) 

was first used as a visual reporter gene for transient expression and stable transformation 

of soybean (Nishizawa et al., 2006). DsRed2 fluorescence can be monitored with any 

fluorescence stereomicroscope equipped with a filter set for excitation at 530–560 nm 

and emission at 590–650 nm.

5.1.6 Genetic transformation of plants with peroxidase (LlPOX) gene(s)

Numerous reports on peroxidase activity or gene expression in lignin forming tissues 

have been reported, but only a few isoenzymes or genes have been specifically associated 

with lignification (Sato et al.,1993; Quiroga et al., 2000; Christensen et al., 2001;

Marjamaa et al., 2006). Although several reports on the transcriptional regulation of 

monolignol biosynthesis exists, not much is known for peroxidases. It is likely that the 

control of the whole lignification process requires a mechanism for the co-ordinated 

expression and/or activation of the monolignol biosynthetic genes/enzymes and the 

radical forming peroxidases. This was supported by the apparent co-regulation of five 

peroxidase genes with the ‘lignification tool box’ genes during Arabdopsis  inflorescence 

stem development (Ehlting et al., 2005).

Data from transgenic plants down regulated for peroxidase activity has confirmed the role 

of some peroxidase isoforms in lignin polymerization in tobacco and Populus sieboldii

(Miq.)X Populus grandidentata (Michx.) (Talas-Ogras et al., 2001; Blee et al., 2003; Li 

et al., 2003b). Both quantitative (up to 50% reduction) and qualitative changes were 

reported, but no obvious growth phenotypes, other than larger xylem elements were 

found. Antisense expression of the TP60 peroxidase gene in tobacco resulted in an equal 

reduction of both G and S units, suggesting the existence of a feed-back regulation to 

decrease the monolignol synthesis and transportation under reduced oxidative capacity in 

the apoplast (Blee et al., 2003). However, no metabolite analysis other than 

phloroglucinol staining was performed to confirm that the monolignols or their 

derivatives did not accumulate in xylem.



                                                                           Chapter 5 Plant Genetic Engineering and Analysis

Abhilash. O.U                                     Ph.D Thesis 2009                           University of Pune 172

In aspen, down-regulation of the PRXA3a gene reduced the lignin content by 20%. 

Incorporation of G units into lignin decreased while S units remained at the wild type 

level (Li et al., 2003b). This is not surprising, as most peroxidases are likely to be 

inefficient in SA oxidation due to structural constraints (Ostergaard et al., 2000 ; Nielsen 

et al., 2001). However, peroxidases from, e.g., Populus alba (L.) and Z.elegans  were 

shown to oxidize SA efficiently (Sasaki et al., 2004; Gabaldon et al., 2005). The Populus 

peroxidase, CWPO-C, was immunolocalized into the middle lamella and cell corners of 

poplar xylem fiber walls, coinciding partly with S type lignin. Interestingly, CWPO-C 

was also found in the cytosol of ray parenchyma cells, suggesting that ray parenchyma 

could provide the fiber middle lamella with CWPO-C (Sasaki et al.,2006).

Polymeric lignin rarely fits into the active site of peroxidase; however, CWPO-C was 

also able to oxidize polymeric lignin (Sasaki et al.,2004). In fungal lignin peroxidase 

from Phanerochaete chrysosporium, oxidation of polymeric lignin was shown to take 

place on the protein surface via long–range electron transfer (Johjima et al., 1999). It will 

be intresting to see if a similar mechanism is functional in secretory plant peroxidases as 

well. The fact that only 50% reductions at best in lignin amount have been accomplished, 

argues for redundancy in peroxidase activities. It is likely that in vivo several isoenzymes 

participate in lignin polymerization. Division of labour between the isoenzymes could 

also exists, both spatially between different cell wall layers and functionally, for example 

in the radical generation on the free monolignols versus the polymer.

In the present study, the efficacy of our synthesized HTC 600-Au and the conventional 

micron gold to transfer antisense constructs of the Peroxidase (LlPOX) gene efficiently 

into the monocot system of Oryza sativa, dicot model plant Nicotiana tabacum and 

woody leguminous tree Leucaena leucocephala were analysed. Transfromants were 

analyzed using GUS assay, PCR and slot blot.
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5.2 Materials and methods 

Agar, maltose, glucose, yeast extract, peptone, 0.1% sodium hypochlorite, MS medium 

(Murashige and Skoog, 1962), were procured from Himedia chemicals. Hydrochloroauric 

acid (HAuCl4), spermidine and calcium chloride were purchased from Sigma chemicals 

and used as received. Polyethylene glycol was purchased from Fluka Biochemica. 

Ethanol (Merck) and reagents required for polymerase chain reaction (PCR) was 

purchased from Bangalore Genei, India. Deionised Milli-Q® water was used wherever 

necessary. Gene constructs used were carrying; Class III lignin biosynthetic peroxidase 

isolated from Leucaena leucocephala cloned in anti-sense orientation flanked by 

CaMV35S promoter and nos terminator in pCAMBIA 1301 and 2301. Isolation and 

purification of plasmid was carried using Wizard Plus Minipreps DNA Purification 

Systems (Promega, Madison, USA) following the manufacturer’s instructions.

5.2.1 Instrumental details

The X-ray diffractograms (XRD) were recorded on a PAN analytical Xpert pro machine 

using a CuKα source at operating conditions of 40 mA and 30 kV at a scan rate of 4 

degrees / min.  TEM samples of carbon supported HTC 600-Au °C were prepared by 

placing drops of their aqueous dispersions over amorphous carbon coated copper grids 

and allowing the solvent to air dry. Transmission Electron Microscopy (TEM) images 

were recorded using a Technai G2 F-30 model operated at an accelerating voltage of 300 

kV and JEM 2100 instrument operated at 200 kV. Raman spectra were measured in the 

back scattering configuration using a 514.5-nm Ar laser excitation. The scattered light 

was analyzed in a Jobin-Yvon HR460 single-grating spectrometer equipped with a 

charge-coupled array detector and a holographic notch filter (Kaiser Optical Systems, 

Inc., Ann Arbor, MI). To avoid laser damage to the sample the experiments were 

conducted at low laser powers (2 W/cm2).  The gold concentrations were measured with a 

Chemito - Atomic Absorption Spectrometer (AAS) 201 with a gold hollow cathode lamp. 

The tissue culture grown explants were transformed using Biolistic-PDS 1000/He system 

(Bio-Rad Laboratories, Hercules, USA). The eppendorf’s Bio Photometer was used for 

plasmid DNA quantification and to check its purity. Bio-Rad C1000TM Thermal Cycler 
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was used for PCR based molecular analysis of putative transgenic plants. Typhoon 

TRIO+ phospho imager was used for scanning Southern blots.

5.2.2 Synthesis and characterization of HTC 600-Au

The fungus isolated from a foundry-polluted area was identified and registered at Indian 

Type Culture Collection (ITCC) as Aspergillus ochraceus no. 6102. This fungus was 

already known to grow in metal ion rich concenteration. In a typical reaction the isolated 

fungal spores were inoculated in 500 mL Erlenmeyer flask containing 200 mL of MGYP 

broth. The spores were allowed to germinate and produce hyphal biomass for three days 

in a shaker (200 rpm) at 37 °C. It produces 60 g biomass on wet weight basis that was 

harvested and three rounds of washing (1000 rpm 15 min) were done with autoclaved 

MilliQ water under sterile condition. The biomass was then resuspended in 200 mL of 

10-3 M HAuCl4 followed by incubation in a shaker (200 rpm) for two days at 37 °C. The 

product biomass was washed with MilliQ water and heat treated (600 °C for 6 h) in a 

tubular furnace under nitrogen flow. It gave 400 mg product that was ground finely and 

characterized. The gold concentration in this sample was analyzed using AAS and found 

to be ~2.5 wt%. This is denoted as HTC 600-Au (heat treated carbon gold at 600 °C).

While testing DNA transformation efficiency, along with HTC 600-Au, three more 

controls were used.  The first of such control used was the classical 1 µm gold particles. 

Next control was HTC 600 (heat treated carbon at 600 °C) prepared by calcinations of the 

pure biomass without challenging it with gold ion. This material wasn’t discussed further 

in text since it was not showing appreciable carrier results. Final control is the 

extracellular nanoparticles (synthesized by making 10-3 M HAuCl4 in 200 mL 

extracellular extract collected by incubating the fungus in sterilized distilled water). 

To investigate how efficiently this nano gold immobilized sharp edged carbon can 

genetically modify plant species, studies were conducted on the model plant Nicotiana 

tabacum, rice (Oryza sativa), which forms staple food for one third of world population 

especially in East and South-East Asia (Tang et al., 2001) and a perennial leguminous 

tree Leucaena leucocephala a member of family Fabaceae, which forms 25% of raw 

material for paper and pulp industry, where in genetic transformation is being attempted 

with a view to down regulate lignin biosynthesis. 
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5.2.3 Standardization of plasmid DNA to HTC 600-AU for plant transformation.

To prove this composite material can function as a better DNA delivery agent, the above 

synthesized carbon-gold nano particles were coated with recombinant binary vector with 

normal procedure specified for the micron sized gold particles (Bio-Rad laboratories, 

Hercules, USA). The 1 µm gold particles are very well used as DNA carriers in biolistic 

approach of plant transformation. Standardized proportion followed in lab with 1µm gold 

is, 200 µg of microcarrier per bombardment and 600 ng DNA, which resulted on an 

average 25±7 GUS expressing foci in the immature embryos of Leucaena leucocephala. 

To find at which minimal ratio of DNA to HTC 600-Au exceeds the classical micron 

carrier in GUS efficiency, HTC 600-Au was kept constant (1mg) with varying the 

amount of DNA used for coating (200ng, 400ng, 600ng, 800ng, 1000ng and 2000ng). 

Finally, the DNA coated HTC 600-Au was suspended in absolute ethanol and stored at –

20 oC prior to use. The transformation events were carried out using Biolistic-PDS 

1000/He System after checking the particles adhesion strength using the agarose gel 

electrophoresis. 

5.2.4 Explant

Tobacco (N. tabacum var. Anand 119) plants were grown in vitro on basal Murashige and 

Skoog medium (MS medium, 1962) in absence of any plant growth regulators. Fresh 

leaves from two months old plants were used as explants and were cut into pieces of 

about 5 mm2 and inoculated in MS basal medium (pH 5.8) with 1.4 % agar, 

supplemented with 2% sucrose, 0.8% BA and NAA for callus induction under darkness 

at 25±2 oC in a growth incubator.

In case of rice, manually dehusked seeds were surface sterilized with 70% ethanol for 3 

min followed by 1.5% (v/v) sodium hypochlorite for 10-15 min and washed 5-7 times 

with sterile distilled water. Then, the sterilized seeds were plated onto MS medium 

containing 2.5 mg/L 2,4-D (Callus induction medium) and incubated in dark at 25±2 oC 

for 3 weeks.

With a view to show the potential of our material to deliver gene of interest into hardy

woody tree species, we selected L. leucocephala (Lead tree, white popinac, subabul) a 

perennial leguminous tree species of commercial importance for our studies. The seeds 
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were taken out from the pods and were surface-sterilised with 1.5% (v/v) sodium 

hypochlorite solution for 10-15 min, followed by 4 washes with sterile water. The 

immature embryos were isolated asceptically using a pair of sharp, sterile forceps and 

plated with their shoot apex facing up in the centre of a 90 mm diameter Petri plate 

containing regeneration media (1/2-MS + TDZ (0.5 mg/ L).

5.2.5 Agrobacterium strain and plasmids 

Agrobacterium tumefaciens strain GV2260 was used. The strain carried recombinant

pCAMBIA1301 binary vector, harboring partial sequence of peroxidase (LlPOX) gene in 

antisense orientation under the control of CaMV35S constitutive promoter. This construct

was used for rice transformation. This vector has hygromycin (hpt) and kanamycin (npt 

II) resistance genes as selection markers for plant and bacterial systems respectively. 

GV2260 strain carrying recombinant pCAMBIA2301 binary vector, harboring partial 

Peroxidase (LlPOX) gene in antisense orientation and plant selection marker kanamycin 

was used for Nicotiana and Leucaena transformation systems.

5.2.6 Construction of recombinant binary vector

Three fragments of Leucaena peroxidase (LlPOX) gene (750 bp, 424 bp and 260 bp), to 

be cloned in anti-sense orientation was amplified using PCR with restriction sites for 

KpnI and SacI, cloned (in pGEM-T vector (Promega, USA.)), sequenced and confirmed

and they were double digested using these two enzymes (Fig. 5.1a). The released 

fragments were eluted from agarose gel and cloned in KpnI and SacI digested pCAMBIA 

1300 MCS (Fig. 5.1b). The right and left hand T-border of pCAMBIA1300 vector 

harbours the hygromycin gene (selectable marker) and multiple cloning sites. This vector 

does not have any reporter gene thus the transformants using this vector cannot be 

analyzed by reporter gene.  To avoid these short comings, pCAMBIA 1301 was used for 

Oryza transformation system and pCAMBIA 2301 vector was used for Nicotiana and 

Leucaena transformation systems. The right and left hand T-border of pCAMBIA1301

and pCAMBIA2301 vector harbours the hygromycin gene and kanamycin respectively as 

plant selectable markers, multiple cloning sites and GUS reporter gene. 
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The MCS of pCAMBIA1301 and pCAMBIA2301 does not have any promoter and 

terminator to drive and stop the gene respectively. EcoRI and HindIII restriction sites are 

present flanking MCS of both pCAMBIA vectors and same sites are also there in 

pCAMBIA1300 just before the 35S promoter and after the nos terminator, thus the 

recombinant pCAMBIA1300 was double digested using EcoRI and HindIII enzymes. 

The digested cassette (Fig. 5.2a) was eluted from agarose gel and cloned in EcoRI and 

HindIII digested pCAMBIA1301 vector (Fig. 5.2b) and pCAMBIA2301 vector (Fig. 

5.2c).

The constructed vector was transferred in to E.coli for multiplication and the integration 

of gene into the vector was further confirmed by Kpn I and Sac I digestion of the 

constructed vector (Fig: 5.3A, 5.3B, 5.3C).  

5.1a LIPOX gene(s) with KpnI-SacI sites
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5.1b Vector map of pCAMBIA 1300

  Fig:5.1: Topographical representation of (a) LIPOX gene(s) with KpnI-SacI restriction sites, (b) MCS of 

pCAMBIA1300 along with 35S promoter and Nos terminator flanked by EcoRI and HindIII restriction 

sites.

Fig. 5.2a Anti-sense LlPOX gene(s) Cassette in pCAMBIA1300 flanked by

EcoR I - Hind III
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Fig. 5.2b Constructed vector map of pCAMBIA1301 recombinant binary vectors
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Fig. 5.2c Constructed vector map of pCAMBIA2301 recombinant binary 

vector

Fig 5.2: Topographical representation of (a) Anti-sense LlPOX gene(s) Cassette with flanking 

EcoR I - Hind III restriction sites (b) Recombinant pCAMBIA1301 binary vector harbouring 35S 

promoter, Partial anti-sense LlPOX gene(s) and Nos terminator, (c) Constructed Recombinant 

pCAMBIA2301 binary vector harbouring 35S promoter, Partial anti-sense LlPOX gene(s) and Nos 

terminator.
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Fig: 5.3A: Restriction analysis of recombinant anti-sense pCAMBIA vector releasing 750 bp 3’end of 

LlPOX gene carrying conserved domains underlined in the sequence above. Lane 1-ladder, lane 2 & 4 

uncut recombinant binary vector,  lane 3 & 5 recombinant binary vector digested with Kpn I & Sac I
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Fig: 5.3B: Restriction analysis of recombinant anti-sense pCAMBIA vector releasing 424 bp 5’ ends of 

LlPOX gene carrying conserved domains underlined in the sequence above. Lane 1 & 4 ladder, lane 2&3 

PCR amplified product, Lane 5 recombinant clone digested with Kpn I & Sac I releasing 424 bp 

5’conserved region of peroxidase gene
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Fig: 5.3C: Restriction analysis of recombinant anti-sense pCAMBIA vector releasing 260 bp 3’end of 

LlPOX gene without any conserved domains of POX gene. Lane 1 is 3’ 750 bp antisense clone in binary 

vector, lane 2 restriction analysis of recombinant clone with Kpn I & Sac I releasing 260 bp 3’non 

conserved region of LlPOX gene

5.2.7 Agrobacterium tumefaciens transformation

A. tumefaciens GV2260 was transformed with the recombinant pCAMBIA1301 and 

pCAMBIA 2301 vectors harboring antisense LlPOX gene cassette (Chapter 2, Section 

2.8.2.4).
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5.2.8 Biolistic transformation using PDS-1000/He Biolistic Particle Delivery System

The selected embryogenic calli derived from leaf explants of Nicotiana tabacum, were 

bombarded twice after arranging at the centre of a 90 mm diameter petri-plate using 

rupture discs with 900 pounds per square inch (psi) specification with 25 inches of Hg 

vaccum at an interval of 4 hours. After two days of incubation under darkness the 

bombarded calli were shifted to differentiating media containing basal MS medium, B5 

vitamins, 1 mg/L BAP, 0.1 mg/L NAA, 30 g/L sucrose, 4 g/L phytagel for a week and 

later transferred to the same medium containing plant selection marker kanamycin 100 

mg/L concentration.

In case of Oryza 50 friable embryogenic calli were counted and placed at the centre of a 

90 mm diameter petri plate with callus induction medium containing osmotica ( MS

medium + 2.5 mg/L 2,4-D supplemented with 36.4 g/L mannitol and 36.4 g/L sorbitol), 4 

hours prior to the first shooting using PDS-1000/He Biolistic Particle Delivery System. 

The explants were bombarded twice using rupture discs with 900 pounds psi specification 

with 25 inches of Hg vaccum at an interval of 4 hours. After forty-eight hours of the 

second bombardment, the calli were directly transferred on to MS callus induction 

medium containing 50 mg/L hygromicin B, and incubated at 25±2 o C for 15-18 days. 

Actively proliferating calli were subcultured onto a fresh selection medium thrice at 15-

18 days interval.

The proliferating embryogenic calli after 3 rounds of selection on hygromycin B were 

transferred onto an MS regeneration medium (MS medium supplemented with BAP and 

NAA (Sigma, USA) 3 mg/L and 0.5 mg/L respectively). The calli were cultured at 16 

hours light (24.4 µmol/m2/s) and 8 hours dark at 25±2 oC till shoots established. 

Emerging shoots were transferred to MS rooting medium (1/2-MS basal salts, MS 

vitamins and 15 g/L sucrose) containing 30 mg/L hygromycin B.

Similarly, Leucaena embryos were bombarded with PDS-1000/He Biolistic Particle 

Delivery System twice using rupture discs 900 psi with 25 inches of Hg vaccum at an 

interval of 4 hours and kept under darkness for two days. After growing the embryos on 

the above regeneration media without selection for one week, were subjected to three 

rounds of selections in the same regeneration medium containing Kanamycin 250 mg/ L, 
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at an interval of 15 days. The plants, which survived three rounds of selection on 

Kanamycin 250 mg/ L, were shifted to ½-MS with Cytokinin, 2ip (2-isopentenyl 

adenine) 0.5 mg/ L to enhance elongation of transformed shoots.

In all the above cases, the bombarded explants were subjected to transient GUS assay 48 

hrs after second bombardment and the putative transgenic plants, which survived three 

rounds of selection were analysed for the gene integration into the plant genome.

5.2.9 Particle bombardment followed by co-cultivation

The Leucaena embryo axes were first bombarded with microcarriers coated with 

recombinant pCAMBIA vectors as mentioned above followed by co-cultivation with 

Agrobacterium (GV2260) harboring respective recombinant CAMBIA vectors containing 

POX gene in anti-sense orientation. Cultured Agrobacterium cells were pelleted by 

centrifugation at 5,000 g for 5 min and resuspended in the YEM medium at a density of 

3-5 × 109 cells/mL, considering the optical density of bacterial culture at 600 nm. The 

selected embryo axes after bombardment were co-cultured with Agrobacterium for one 

hour by immersing them into the bacterial suspension. The agro infected embryo axes 

were then transferred onto the respective regeneration medium with or without 0.1 mM 

acetosyringone (3’, 5’-dimethoxy-4’-hydroxy-acetophenone; Sigma-Aldrich Chemical 

Co.) and co-cultivated in the dark at 25 ± 2 °C for 3 days. After co-cultivation, the 

embryo axes were washed thoroughly with cefotaxime 250 mg/ L in sterile distilled water 

and transferred onto the regeneration medium.

5.2.10 Immuno-cytolocalization of POX protein in L. leucocephala transformants

Solutions

1X PBS: 10 mM NaH2PO4; Na2HPO4, pH 7.2; 130 mM NaCl

0.5X SSC: 75 mM NaCl; 7.5 mM Sodium citrate, pH 7.0

Color development buffer: 100 mM Tris-HCl, pH 9.5; 150 mM NaCl, 50 mM MgCl2

BCIP/NBT mix: 0.577 mM BCIP; 0.122 mM NBT (Merck, USA)

10 mM EDTA; Ethanol; Tertiary butanol; Paraffin; Xylene and Glycerol.
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Stem of developing control seedlings and putative transformants were used for the study. 

Free hand transverse sections were fixed overnight, under vacuum, in freshly prepared 

cold 4% buffered formaldehyde (4% formaldehyde in 1X PBS). The sections were 

dehydrated through increasing ethanol: water series. This was followed by tertiary 

butanol: ethanol series (Lacombe et al., 1997). The sections were rehydrated by treating 

with 70% and 50% ethanol and 0.5X SSC for 2 min. The rehydrated sections were 

subjected to 1 h of blocking with 10% BSA at room temperature in a humidified 

chamber. Primary antibody (antibodies raised against purified LlPOX protein in rabbit) 

incubation was carried out overnight in a humidified chamber at 4 ºC using 1:5000 

antibody dilution in 1 X PBS containing 0.1% BSA. Negative controls included the use 

of pre-immune serum. Following the primary antibody incubation, the sections were 

washed thrice, for 15 min each, in 1X PBS containing 0.1% BSA. Alkaline phosphate 

(ALP) conjugated anti-rabbit goat IgG in 1:10000 dilution (diluted in 1X PBS with 0.1% 

BSA), was added to the tissue sections at this stage and incubated at 37 ºC in a 

humidified chamber for 2 h in dark. Post secondary antibody washes were carried out at 

RT using 1X PBS with 0.1% BSA. Color was developed in dark by addition of color 

development reagent (one part BCIP/NBT mixed with two parts color development 

buffer) to treated sections. The sections were placed in humidified chamber at RT, in 

dark, for 45 min. Upon color development, 10 mM EDTA was used to stop the reaction. 

Cover slip was mounted using glycerol and observed under the microscope, and 

microscopic image captured (Axioplan 2, Zeiss). 

5.2.11 Histochemical staining of lignin

Solutions

Phloroglucinol 2% in 95% Ethanol

Free hand transverse sections were prepared for histochemical analysis as described 

above. Phloroglucinol staining was done by covering pre-treated sections with 

phloroglucinol for half an hour and then concentrated HCl was added. Lignified tissue 

takes up red color. A cover slip mounted on the specimen using glycerol and the slide 

was sealed using nail enamel. The slides were viewed under a light microscope and 

pictures captured (Axioplan 2, Zeiss).
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5.2.12 ELISA (Enzyme-Linked Immunosorbent Assay)

Fresh tissues were collected from control as well as putative transgenic plants, frozen in 

liquid nitrogen and crushed to a fine powder. Crude protein was extracted with 2 mL of 

protein extraction buffer (100 mM Tris-HCl, pH.7.5; 2% PVPP; 2% PEG 4000; DTT 5 

mM and PMSF 1 mM). Total Protein was quantified using Bradford reagent. Equal 

amount of protein was coated on 96 well micro titre plates. ELISA protocol was 

performed as discussed in Chapter 2, Section 2.11.5.

5.2.13 Lignin estimation

Randomly selected L. leucocephala transformants showing positive signals (PCR, ELISA 

and Slot blot) for transformation events were chosen for lignin estimation studies. Acid 

soluble and acid insoluble lignin was determined to give the total lignin content. Protocol 

for lignin estimation is given in Chapter2, Section 2.15.

5.3 Results and discussions

5.3.1 Synthesis and characterization of nano particles used as micro-carriers

In this chapter, a composite carbon supported gold nanopartilces, as an alternative 

material (microcarrier) for gene delivery using the gene gun developed by Sanford and 

co-workers has been presented. While the carbon support is expected to be having the 

required traits such as inertness, better piercing capacity, the embedded gold 

nanopartilces provide the best support to DNA. This is the first report where such 

composite material has been tried for gene delivery.

The first step towards the preparation of this material involves, the incubation of fungal 

biomass with gold ions leading to the development of ruby red colour to the biomass 

indicating the reduction of gold ion to Au nanoparticles inside the cellular matrix 

(Fig.5.6A and B). SEM image of calcined and uncalcined fungal hyphae shown in fig C 

and D.
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Fig: 5.6. A: Biomass before the incubation with the gold ions. B: Biomass after the incubation with the 

gold ions. C: SEM image of uncalcined fungus micro hyphal thread: D: SEM image Calcined biomass 

before grinding.

The XRD signal of the biomass dried at room temperature and grained to powder (Fig. 

5.7A curve 1) and calcined in the inert atmosphere at 600 oC (Fig. 5.7A curve 2) were 

recorded. The XRD patterns of the as prepared sample (curve 1) showed a number of 

Bragg reflections at d values ≈ 2.36, 2.04, 1.45 and 1.23 Å characteristic of the fcc gold. 

This clearly shows that the nanoparticles are formed just by the treatment of gold ions 

with the biomass. 

The peaks in the HTC 600-Au (curve 2) were sharper than the as prepared sample 

indicating an improvement in the crystallinity upon heating. The Raman signals of the 

HTC 600-Au are plotted in Fig. 5.7C. The curves show features characteristic of 

disordered carbon with peaks at ~1590 cm-1 and ~1350 cm-1 that are designated as G and 

D peak respectively. The data was deconvoluted and fitted to two Gaussian peaks. From 

the intensity of the peak at 1365 and 1590 cm-1 the graphite in-plane domain size (La) 
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value was determined to be 1.35 nm in HTC 600-Au (B. L. V. Prasad et al., 2000), as 

compared to 0.90 nm in the pure carbon sample without gold nanoparticles. The increase 

in La of HTC 600-Au (Fig. 5.7C) could be explained on the basis of previous works, 

where presence of metal impurities were shown to facilitate graphitization (H.Murayama 

and Maeda, 1990). However the inplane size of 1.35 nm in HTC 600-Au still suggested 

the presence of an amorphous carbon matrix.

The SEM/TEM (Fig.5.8) analysis for the HTC 600-Au was in-line with the above XRD 

and Raman analysis. The SEM image in fig.5.8A shows a sharp particle made up of many 

flat sheet like material. This figure was selected to highlight the sharp tips/edges such 

materials could possess. The TEM image (Fig.5.8B) at lower magnification showed the 

presence of 50 nm Au nanoparticles embedded in the carbon matrix with sharp edges. 

Lack of any long range ordered structure confirms the poor development of the graphite 

like carbon. At higher magnification in the Fig.5.8C apart from the few 50 nm particles, 

plenty of 5 nm particles spread throughout the carbon sheet is observed. Still closer view 

of the carbon in the Fig.5.8D shows wavy edge, showing bundle of sheet arrangement 

with one sheet getting protruded to form a sharp edge. The HRTEM image (inset 

Fig.5.8D) of one of the isolated particle shows a “d” spacing of 2.4 Å that matches with 

the lattice spacing 2.36 Å of gold plane.

To compare the DNA binding capacity of the HTC 600-Au with commercial micro gold, 

agarose gel electrophoresis was performed (Fig.5.9). From the gel picture it is evident 

that, the HTC 600-Au coated with the DNA coupled with adhesive coating (lane 5) 

showed significant difference in the distance it had migrated compared to the free 

plasmid (lane 1). The behavior of the DNA of HTC 600-Au is infact comparable to that 

of micro gold (lane 3). Without adopting coating procedures, physically mixed plasmid 

and HTC 600-Au was loaded on lane 4, which have shown free movement of the plasmid 

negating the argument that the particle chocking of the well would have lead to the slow 

movement in the DNA bound with HTC 600-Au (in lane 5). The standardization of the 

plasmid DNA to the HTC 600-Au was reproducibly carried out in the dicot tree L.

leucocephala. The study (Fig.5.10) revealed that, only 200 ng of plasmid is enough to 

match the results of the 600 ng classical abiotic micron gold carriers used in plant 

transformation. Also it was found that on increasing the DNA concentration per unit of 
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HTC 600-Au still higher levels of GUS expressing foci can be achieved, which can be 

optimized and very well used for other plant transformation systems.

Fig. 5.7 A: XRD spectrum. Curve - 1: Uncalcined biomass incubated with 1 X 10-3 M HAuCl4; Curve- 2: 

Heat treated carbon gold at 600 °C (HTC 600-Au); B: Raman spectrum of heat treated carbon gold at 600 

°C (HTC 600-Au); C: Raman spectrum of biomass.
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Fig. 5.8: (A) SEM image of heat treated carbon gold at 600 °C (HTC 600-Au); (B, C and D) TEM image 

of heat treated carbon gold at 600 °C (HTC 600-Au) note the presence small gold particles plane 

embedded in carbon matrix as revealed by the TEM images in C and D; Inset D HRTEM image of the gold 

nanoparticle showing the “d” spacing corresponding to 111 phase of gold.
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Fig. 5.9: Gel showing plasmid adhesion to the HTC 600-Au. Well 1, plasmid; Well 2, gold micro particles 

mixed with plasmid; Well 3, gold micro particles adhesively coated with plasmid; Well 4, HTC 600-Au

particles physically mixed with plasmid; Well 5, HTC 600-Au particles adhesively coated with plasmid.

Fig.5.10: Standardization of different concentrations of plasmid on 1 mg heat treated carbon gold at 600 °C   

(HTC600-Au) to match the number of GUS foci as obtained with specifications for commercial micro gold

(Explant used is Leucaena leucocephala).
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5.3.2 Antibiotic sensitivity

In a preliminary study conducted to find out the optimum concentration of cefotaxime for 

the control of Agrobacterium 

cefotaxime at a minimum concentration of 250 mg/L

Agrobacterium completely. Cell density of the 

Anti-LlPOX-NOS 3’ plotted against time showed a typical growth with lag phase upto 4 

h followed by log phase upto 16 h with intense cell division. After this, the curve became 

stationary and later started declining indicating mortality of the bacterium as per the 

growth curve, Agrobacterium 

particle bombardment followed by co

In kanamycin free treatment, freshly excised embryo axes from 

normal proliferation, growth and germination (

in necrosis of the embryo axis  with the increase in 

400 mg/L. LD50 for kanamycin was observed at a concentration 

necrosis and death of the 50% of the inoculated embryos(

callusing, germination and further proliferation became brownish and necrotic at later 

stages in most of the kanamycin

observed at a concentration 

inoculated tobacco leaves. 

a concentration 50 mg/L.

Fig: 5.11: Antibiotic sensitivity of embryo axes of 

kanamycin (0 mg
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Antibiotic sensitivity

In a preliminary study conducted to find out the optimum concentration of cefotaxime for 

Agrobacterium contamination after co-cultivation, it was observed that 

inimum concentration of 250 mg/L could control the growth of 

completely. Cell density of the Agrobacterium strain carrying 

plotted against time showed a typical growth with lag phase upto 4 

g phase upto 16 h with intense cell division. After this, the curve became 

stationary and later started declining indicating mortality of the bacterium as per the 

Agrobacterium culture during the log phase (4–16 h old) was used for 

ombardment followed by co-cultivation studies. 

free treatment, freshly excised embryo axes from Leucaena

normal proliferation, growth and germination (Fig: 5.11a). There was a gradual increase 

in necrosis of the embryo axis  with the increase in kanamycin concentration from 50 to 

for kanamycin was observed at a concentration 250 

necrosis and death of the 50% of the inoculated embryos(Fig: 5.11b). Explants showing 

callusing, germination and further proliferation became brownish and necrotic at later 

kanamycin treatments.   In case of tobacco, LD50 for 

observed at a concentration 100 mg/L showing necrosis and death of the 50% of the 

inoculated tobacco leaves. For rice seed as explants LD50 for hygromycin was observed at 

Antibiotic sensitivity of embryo axes of L. leucocephala. (a) Embryo axes cultured in 

(0 mg/L) (b) embryo axes cultured in kanamycin (250 mg /L
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In a preliminary study conducted to find out the optimum concentration of cefotaxime for 

cultivation, it was observed that 

could control the growth of 

strain carrying 5’ 35SPro-

plotted against time showed a typical growth with lag phase upto 4 

g phase upto 16 h with intense cell division. After this, the curve became 

stationary and later started declining indicating mortality of the bacterium as per the 

16 h old) was used for 

Leucaena seeds showed 

). There was a gradual increase 

concentration from 50 to 

250 mg/L showing 

). Explants showing 

callusing, germination and further proliferation became brownish and necrotic at later 

for kanamycin was 

sis and death of the 50% of the 

for hygromycin was observed at 

Embryo axes cultured in 

0 mg /L).
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5.3.3 GUS histochemical assay

GUS histochemical assay (Chapter 2; section 2.19) was performed 48 hours after the 

second bombardment on embryo axes of L. leucocephala and on calli of both Oryza and 

Nicotiana. Transient GUS expressing foci (Fig: 5.4B, 5.4D; 5.5C, 5.5D & 5.6a B, 5.6a C)

were observed in almost all the explants subjected to bombardment. 

5.3.3.1 Genomic DNA extraction and polymerase chain reaction

Genomic DNA was extracted from putative transgenic plant leaves and PCR reactions 

performed as described earlier (Chapter 2; section 2.10.3 and 2.10.12.3).

5.3.4 Genetic Engineering of plant systems (Oryza, Nicotiana and Leucaena)

Using gene gun system, a recombinant binary vector was efficiently introduced into calli 

(tobacco (Fig.5.4) and rice (Fig. 5.5)) and the immature embryos of Leucaena (Fig.5.6a). 

Transient GUS expressing foci were observed in almost all the explants subjected to 

bombardment. Studies proved a distance of 1/4" as optimal between rupture disc and 

macrocarrier to get reproducible results when experiments were carried out in triplicates 

in case of Nicotiana, Oryza and Leucaena. While the target distance (the distance 

between stopping screen and target explants), found optimal for tobacco and rice was 6 

cm (level 2) and for Leucaena it was 3 cm (level 1). With above standardized conditions, 

tobacco on an average showed 30±11 GUS foci with HTC 600-Au as the carrier, whereas 

1.0 µm gold particles yielded 27±9 foci. An average of 40±13 and 24±17 GUS spots 

were noticed in rice when HTC 600-Au and 1.0 µm gold particles were used as carriers 

respectively. Leucaena showed higher levels of transient GUS expression on an average 

with HTC 600-Au (35±11), in comparison to the conventional gold micron carriers 

(25±7). It is important to reiterate that all these results were obtained with 200 ng of 

plasmid on HTC 600-Au as compared to 600 ng of plasmid on conventional micron sized 

gold. Similarly the gold required for transformation in HTC 600-Au form was ¼ times 

less than what is used in micron sized particles.

The putative transgenic tobacco plants, which showed GUS expression, were subjected 

for polymerase chain reaction (PCR) as recommended by Sambrook et al., (1989) using 

100 ng of genomic DNA in a 25 µL reaction mixture from putative transgenic plants, 
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10X PCR buffer (50 mM Tris-HCl pH 8.8, 50 mM KCl and 1.5 mM MgCl2), 200 µM of 

each dNTPs, 1µL of each primer (containing 8 pico moles forward and reverse each) and 

1 unit of Taq DNA polymerase. Using GUS primers (Forward 5’GAA CCG ACG ACT 

CGT CCG TCC TG 3’and Reverse5’ TGC TTT TTC TTG CCG TAA TCA CC 3’) 490 

bp internal fragment of GUS gene was amplified (Fig. 5.12A) and the transformation 

event was further confirmed by sequencing (Fig. 5.13). 

Fig: 5.4: Biolistic transformation in Tobacco. A.Tobacco leaf explants, B. transient GUS expression in 

calli, C. Shoot induction from callus, D. Stable GUS expression on calli derived shoot, E. Hardened 

putative transgenic plants which survived three rounds of kanamycin selection.

Fig. 5.12: PCR analysis of putative transgenic tobacco (A) and rice (B) plants. A. Lane1 DNA marker, lane 

2 positive control showing a 490 bp internal fragment of GUS gene, lane 3 untransformed control plant, 

lane 4,5,6,8 & 9 shows positive for GUS, lane 7 untransformed plant. B. Lane 1 DNA marker, lane 2 

positive control showing a 955 bp internal fragment of hph gene, lane 3 untransformed control plant, lane 

4,5,6,7,9 & 10 shows positive for hph gene, lane 8 untransformed plant.     
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GUS-Putativetransformant      TGTCTATGATGATGATGATAGTTACAGAACCGACGACTCGTCCGTCCTGT
GUSfromCAMBIA                 ------------------------CAGAACCGACGACTCGTCCGTCCTGT
                                                       **************************

GUS-Putativetransformant      AGAAACCCCAACCCGTGAAATCAAAAAACTCGACGGCCTGTGGGCATTCA
GUSfromCAMBIA                 AGAAACCCCAACCCGTGAAATCAAAAAACTCGACGGCCTGTGGGCATTCA
                               **************************************************

GUS-Putativetransformant      GTCTGGATCGCGAAAACTGTGGAATTGATCAGCGTTGGTGGGAAAGCGCG
GUSfromCAMBIA                 GTCTGGATCGCGAAAACTGTGGAATTGATCAGCGTTGGTGGGAAAGCGCG
                               **************************************************
  
GUS-Putativetransformant      TTACAAGAAAGCCGGGCAATTGCTGTGCCAGGCAGTTTTAACGATCAGTT
GUSfromCAMBIA                 TTACAAGAAAGCCGGGCAATTGCTGTGCCAGGCAGTTTTAACGATCAGTT
                               **************************************************
GUS-Putativetransformant      CGCCGATGCAGATATTCGTAATTATGCGGGCAACGTCTGGTATCAGCGCG
GUSfromCAMBIA                 CGCCGATGCAGATATTCGTAATTATGCGGGCAACGTCTGGTATCAGCGCG
                               **************************************************

GUS-Putativetransformant      AAGTCTTTATACCGAAAGGTTGGGCAGGCCAGCGTATCGTGCTGCGTTTC
GUSfromCAMBIA                 AAGTCTTTATACCGAAAGGTTGGGCAGGCCAGCGTATCGTGCTGCGTTTC
                               **************************************************

GUS-Putativetransformant      GATGCGGTCACTCATTACGGCAAAGTGTGGGTCAATAATCAGGAAGTGAT
GUSfromCAMBIA                 GATGCGGTCACTCATTACGGCAAAGTGTGGGTCAATAATCAGGAAGTGAT
                               **************************************************

GUS-Putativetransformant      GGAGCATCAAGGTGGATATACGCCATTTGAAGCCGATGTCACGCCGTATG
GUSfromCAMBIA                 GGAGCATCAGGGCGGCTATACGCCATTTGAAGCCGATGTCACGCCGTATG
                               ********* ** ** **********************************

GUS-Putativetransformant      TTATTGCCGGGAAAAGTGTACGTATCACCGTTTGTGTGAACAACGAACTG
GUSfromCAMBIA                 TTATTGCCGGGAAAAGTGTACGTATCACCGTTTGTGTGAACAACGAACTG
                               **************************************************

GUS-Putativetransformant      AACTGGCAGACTATCCCGCCGGGAATGGTGATTAC
GUSfromCAMBIA                 AACTGGCAGACTATCCCGCCGGGAATGGTGATTAC
                               ***********************************

Fig. 5.13: CLUSTAL W (1.8) multiple sequence alignment of GUS gene, shaded regions shown are part of 

forward and reverse primers

Similarly, putative transgenic rice plants which survived hygromycin selection were 

confirmed by PCR analysis under the above mentioned conditions using the hygromycin 

primers (Forward 5’ GAAAAGTTCGACAGCGTCTCC 3’and Reverse 5’ 

GCTGGGGCGTCGGTTTC 3’) which amplified ~955 bp internal fragment of hph gene

(Fig. 5.14). 
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Fig. 5.5: Biolistic transformation in rice. A. Callus induction, B. Calli arranged for bombardment, C. 

Transient GUS expression on bombarded calli, D. Stable GUS expression in calli which survived three 

rounds of 50 mg/L hygromycin selection, E. Putative transformed calli on selection media, F. Regeneration.  

Hygromycingene-Putativetransfo      ---------------ATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCA
Hygromycingene-CAMBIA               GTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCA
                                                    ***********************************

Hygromycingene-Putativetransfo      GCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGC
Hygromycingene-CAMBIA               GCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGC
                                     **************************************************

Hygromycingene-Putativetransfo      GTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGAT
Hygromycingene-CAMBIA               GTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGAT
                                     **************************************************

Hygromycingene-Putativetransfo      CGTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGT
Hygromycingene-CAMBIA               CGTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGT
                                     **************************************************

Hygromycingene-Putativetransfo      GCTTGACATTGGGGAGTTTAGCGAGAGCCTGACCTATTGCATCTCCCGCC
Hygromycingene-CAMBIA               GCTTGACATTGGGGAGTTTAGCGAGAGCCTGACCTATTGCATCTCCCGCC
                                     **************************************************

Hygromycingene-Putativetransfo      GTGCACAGGGTGTCACGTTGCAAGACCTGCCTGAAACCGAACTGCCCGCT
Hygromycingene-CAMBIA               GTGCACAGGGTGTCACGTTGCAAGACCTGCCTGAAACCGAACTGCCCGCT
                                     **************************************************

Hygromycingene-Putativetransfo      GTTCTACAACCGGTCGCGGAGGCTATGGATGCGATCGATGCGCCCGATCT
Hygromycingene-CAMBIA               GTTCTACAACCGGTCGCGGAGGCTATGGATGCGATCGCTGCGGCCGATCT
                                     ************************************* **** *******

Hygromycingene-Putativetransfo      TAGCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGAATCGGTCAAT
Hygromycingene-CAMBIA               TAGCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGAATCGGTCAAT
                                     **************************************************

Hygromycingene-Putativetransfo      ACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTAT
Hygromycingene-CAMBIA               ACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTAT
                                     **************************************************

Hygromycingene-Putativetransfo      CACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGC
Hygromycingene-CAMBIA               CACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGC
                                     **************************************************

Hygromycingene-Putativetransfo      TCTCGATGAGCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACC
Hygromycingene-CAMBIA               TCTCGATGAGCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACC
                                     **************************************************

Hygromycingene-Putativetransfo      TCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGC
Hygromycingene-CAMBIA               TCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGC
                                     **************************************************
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Hygromycingene-Putativetransfo      ATAACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATA
Hygromycingene-CAMBIA               ATAACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATA
                                     **************************************************

Hygromycingene-Putativetransfo      CGAGGTCGCCAACATCTTCTTCTGGAGGCCGTTGTTGGCTTGTATGGAGC
Hygromycingene-CAMBIA               CGAGGTCGCCAACATCTTCTTCTGGAGGCCGTGGTTGGCTTGTATGGAGC
                                     ******************************** *****************

Hygromycingene-Putativetransfo      AGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGCAGGATCGCCA
Hygromycingene-CAMBIA               AGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGCAGGATCGCCA
                                     **************************************************

Hygromycingene-Putativetransfo      CGACTCCGGGCGTATATGCTCCGCATTGGTCGTGACCAACTCTATCAGAG
Hygromycingene-CAMBIA               CGACTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATCAGAG
                                     ******************************* ******************

Hygromycingene-Putativetransfo      CTTGGTTGACGGCAATTTCGATGATGCAGATTGGGCGCAGGGTCGATGCG
Hygromycingene-CAMBIA               CTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGCAGGGTCGATGCG
                                     ***************************** ********************

Hygromycingene-Putativetransfo      ACGCAATCGTCCGATCCGGAGCCTGGACTGTCGGGCGTACACAAATCGCC
Hygromycingene-CAMBIA               ACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCC
                                     *********************** **************************

Hygromycingene-Putativetransfo      CGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGA
Hygromycingene-CAMBIA               CGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGA
                                     **************************************************

Hygromycingene-Putativetransfo      TAGTGGAAACCGACGCCCCAGCACTCGTCCGAGG
Hygromycingene-CAMBIA               TAGTGGAAACCGACGCCCCAGCACTCGTCC----
                                     ******************************    

Fig. 5.14: CLUSTAL W (1.8) multiple sequence alignment of hph gene, shaded regions shown are part of 

forward and reverse primers

5.3.5 Transformation of Leucaena leucocephala

In the case of Leucaena, as the regeneration time required is more (6 to 7 months). 

Hence, transformation efficiency with Leucaena is not worked out, as plants are in 

different stages of development and most of them are too small to provide sufficient 

tissues for the analysis (PCR, ELISA or Slot blot). PCR was performed in plants which 

survived kanamycin selection using the gene specific for kanamycin (Forward kanamycin 

5’ GAC CTG TCC GGT GCC CTG 3’ & Reverse Kanamycin 5’GCG AAT CGG GAG

CGG CGA TAC 3’) with a few of the transformants, which amplified expected ~600 bp 

internal fragment of kanamycin gene (Fig. 5.15) and was confirmed by sequencing (Fig. 

5.16).
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Fig. 5.15: PCR analysis of putative transgenic Leucaena leucocephala (Lane1 DNA marker, P- positive 

control showing a ~600 bp internal fragment of kanamycin gene, lane 1,2,4 & 5 positive for kanamycin, 

lane 3 untransformed plant.

Fig. 5.6a: Biolistic transformation in Leucaena leucocephala. A. Embryos arranged for bombardment, B. 

Transient GUS expression showing fewer and well separated GUS foci using micron gold, C. Transient 

GUS expression with HTC 600-Au showing large number of merged GUS foci, D. Bombarded embryos 

on 200 mg/L Kanamycin selection, D1a and D1b regenerating embryos on kanamycin selection, D2a and 

D2b. necrosis and dying of untransformed embryos on kanamycin selection, E and F. Regeneration of 

putative transgenic plants from bombarded embryos.
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Kanamycin-putativetransformant      TTGCCAGACCGACCTGTCCGGTGCCCTGAATGAACTCCAGGACGAGGCAG
Kanamycingene-CAMBIA                -----AGACCGACCTGTCCGGTGCCCTGAATGAACTCCAGGACGAGGCAG
                                          *********************************************

Kanamycin-putativetransformant      CGCGGCTATCGTGGCTTGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTC
Kanamycingene-CAMBIA                CGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTC
                                     **************** *********************************

Kanamycin-putativetransformant      GACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCC
Kanamycingene-CAMBIA                GACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCC
                                     **************************************************

Kanamycin-putativetransformant      GGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCA
Kanamycingene-CAMBIA                GGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCA
                                     **************************************************

Kanamycin-putativetransformant      TCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGC
Kanamycingene-CAMBIA                TCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGC
                                     **************************************************

Kanamycin-putativetransformant      CCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGAT
Kanamycingene-CAMBIA                CCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGAT
                                     **************************************************

Kanamycin-putativetransformant      GGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGC
Kanamycingene-CAMBIA                GGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGC
                                     **************************************************

Kanamycin-putativetransformant      TCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGC
Kanamycingene-CAMBIA                TCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGC
                                     **************************************************

Kanamycin-putativetransformant      GAGGATCTCGTCGTGACACATGGCGATGCCTGCTTGCCGAATATCATGGT
Kanamycingene-CAMBIA                GAGGATCTCGTCGTGACACATGGCGATGCCTGCTTGCCGAATATCATGGT
                                     **************************************************

Kanamycin-putativetransformant      GGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGG
Kanamycingene-CAMBIA                GGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGG
                                     **************************************************

Kanamycin-putativetransformant      CGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAG
Kanamycingene-CAMBIA                CGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAG
                                     **************************************************

Kanamycin-putativetransformant      GTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGC
Kanamycingene-CAMBIA                CTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGC
                                      *************************************************

Kanamycin-putativetransformant      TCCCGATTCGCAGCGC----
Kanamycingene-CAMBIA                TCCCGATTCGCAGCGCATCG
                                     ****************    

Fig. 5.16: CLUSTAL W (1.8) multiple sequence alignment of kanamycin gene, shaded regions shown are 

part of forward and reverse primers

It was observed, that in addition to higher levels of transient GUS expression, the 

transformation efficiency was also on the higher side with HTC 600-Au compared with 

conventional gold microcarriers (Table 1). This increased transformation efficiency may 

be due to the crevice formed by the carbon over nanoparticles that help the DNA to be 

intact without getting lost when they pierce the cells. The average regeneration efficiency 
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from the three replicas obtained for tobacco was 41.73 and 38.93% with a transformation 

efficacy of 14.80 and 12.40% for HTC 600-Au and micro gold respectively. In case of 

rice the regeneration efficiency was 26.42 and 23.25% with a transformation efficacy of 

9.33 and 8.42% for HTC 600-Au and micro gold respectively. 

Table 1. Average regeneration and transformation efficiency obtained in tobacco 
and rice using HTC 600-Au and micron gold.

The present study was performed using, three different antisense constructs of L.

leucocephala peroxidase gene (LlPOX) namely, Anti-LlPOX 3’ end 750 bp,  Anti-LlPOX

5’ end 424 bp and Anti-LlPOX 3’ NC260 bp (Fig. 5.1a and Fig. 5.2a). The constructs,

Anti-LlPOX 3’ end 750 bp and Anti-LlPOX 5’ end 424 bp contains the conserved 

domains present in all the peroxidases; whereas Anti-LlPOX 3’ NC260 bp is particularly 

designed from 3’region taking care no conserved domain is present in the construct. We 

observed severe stunted or retarded growth in plants when transformed using constructs 

having conserved domains (both 5’and 3’constructs). These plants were found growing

initially hardly 0.5 cm, soon followed by the dying up of the apical meristem and from its 

axis a fresh axillary bud grows, which again dies and this process was found repeating;

whereby, the plant in-short attained a height of 2.5 cms on an average with stunted

appearance and even failed to produced roots when transferred to rooting medium (Fig. 

5.17).
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Fig 5.17: Biolistic transformation in Leucaena leucocephala using anti-sense constructs Anti-LlPOX 3’ end 

750 bp and Anti-LlPOX 5’ end 424 bp of POX gene. A, B, C, D, E and F shows stunded growth of plants. The 

blue arrows indicate dying of growing meristem and green arrows indicate the emerging fresh axillary buds 

from the axis of dying shoots.

When Anti-LlPOX 3’ NC260 bp construct was used in Leucaena transformation, normal 

regeneration was noticed but the plants were thin and slow growing compared to the 

untransformed control plants (Fig. 5.18). The Fig. 5.19 shows a comparative growth 

pattern of Leucaena leucocephala plants both transformed and untransformed.
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Fig. 5.18: Biolistic transformation in Leucaena leucocephala using anti-sense constructs Anti-LlPOX 3’ 

NC260 bp. A, B, C, D, E & F shows different stages of embryo development after bombardment with Anti-

LlPOX 3’ NC260 bp construct.

Fig. 5.19: a. Untransformed plant not subjected to genetic transformation, b. putative transformants using 

construct Anti-LlPOX 3’ NC260 bp of POX gene and c. putative transformants using constructs Anti-LlPOX 

3’ end 750 bp and Anti-LlPOX 5’ end 424 bp of POX gene
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5.3.6 Slot blot analysis of integration of gene in transgenic Leucaena leucocephala

The right and left hand border of pCAMBIA2301 harbours CaMV35S promoters, a part 

of LlPOX gene in antisense orientation, Kanamycin gene and GUS gene. Thus except 

LlPOX gene other nucleotides could be used as probe to analyze the transgenic plant. Slot 

blot was done using various transgenic events of Leucaena and a non transformed 

Leucaena plant (Fig 5.21). Genomic DNA was isolated from eight PCR positive

transgenic plants for kanamycin gene and approximately 200 ng of DNA after treatment 

was blotted on the membrane. Blot was hybridized using kanamycin gene sequence as the 

probe. Very profound signals were observed from the putative transgenic lines when the 

blots were scanned using Typhoon TRIO + Phosho imager. The positive control (P) and 

negative control (N) were also blotted and there was no signal on negative control (non-

transformed Leucaena).

Fig 5.21: Slot blot analysis of transgenic Leucaena plants. The experiment was done in triplicates using 

kanamycin gene as the probe on gDNA from respective transgenic lanes mentioned above, Lanes Positive 

is, the signal with constructed recombinant pCAMBIA 2301 vector and Lane Negative is, non transformed 

Leucaena control plant showing no signal to kanamycin probe.

5.3.7 Analysis of transgenic plants by ELISA

Eight transgenic lines of Leucaena were tested for amount of extractable POX protein 

and ELISA was performed. A total of 10 g protein was coated per each well, in 

triplicates. In this experiment non-transformed Leucaena was used as a negative control. 

ELISA was done for the above eight transformants, which were positive in PCR and slot 
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blot analysis (Section 5.3.6. (Fig 5.21). Primary antibodies and secondary antibodies were 

used at a dilution of 1:5000 and 1:10000 respectively.

ELISA analysis revealed a decreased level of extractable peroxidase protein in putative 

transformants over the non-transformed Leucaena leucocephala control plants, which in 

turn suggests lowering of POX activity in transgenic plants. This data indicates the 

integration of antisense LlPOX gene in Leucaena genome. ELISA of extractable POX 

protein showed that Leucaena transformants (Anti POX plants 5, 8, 14, 15, 22, 23, 27 and 

31) have lower level of POX protein expression as compared to the non-transformed 

control plants in accordance to our expectations (Fig.5.22). The transgenic Anti POX 

plant 8 showed lowest level of POX expression in comparison with other seven 

transgenic lines, this plant was subjected to immuno-cytolocalization and lignifications 

studies (Chapter 5; section 5.3.9).

Fig. 5.22: ELISA of extractable POX protein from transgenic lines of Leucaena leucocephala. Anti POX 

plant 5 shows the lowest level of POX protein expression compared to all other transformants.
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5.3.8 Comparative SEM analysis of explants surface bombarded with HTC 600-Au

and conventional gold micro-carriers

SEM was performed to further confirm and get a better understanding of the HTC 600-

Au penetration compared to the classical micro gold particles the SEM images obtained 

with soft and smooth rice calli are given in Fig 5.23. The Fig A and B shows the HTC 

600-Au bombarded on the callus that shows the particles swimming inside the cell media 

with the surface showing smooth topography. Whereas in the Fig C and D (where the 

classical micro gold were used) the particles bombarded callus topography is not that 

smooth. This again indicates that micron sized gold particles causes lots of injury, 

whereas the carbon supported particles are able to pierce the embryo/ calli without 

causing much damage.

Fig 5.23: SEM image of biolistic bombarded rice callus. A and B Callus bombarded with HTC 600-Au; C 

and D Callus bombarded with micro gold particles.
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SEM image of Leucaena embryo bombarded with different particles are given in the Fig 

5.24. Fig 5.24 A and B shows the location of embryo used for the bombardment with the 

biolistic gun and the magnified image respectively. The highly convoluted bottom portion 

was anticipated to be the particle target. Fig 5.24 C and D represents 10 and 3 m scale 

images respectively of the convoluted region before the bombardment showing smooth 

topography. Fig 5.24 E and F shows 10 and 3 m scale images respectively of the 

Leucaena embryo surface bombarded with the HTC 600-Au particles. In the former 

plenty of micro particles spread on the surface could be noticed, in the later magnified 

image the particles were found to be placed inside the embryo slicing the surface. Fig 

5.24 G and H shows 10 and 3 m scale images respectively of the gold micro particle 

bombarded embryo. Many particles spread on the surface that have not entered the cells 

could be seen here. Additionally heavy damage is noticed to the embryo compared to the 

control and the HTC 600-Au bombarded surface. This may be due to the spherical nature 

of the classical micro gold carrier, which enters into the cell with greater rupture (akin to 

a cannon shell). The Fig5.24 I and J shows 1 m and 300 nm scale images respectively of 

embryo surface bombarded with the extracellularly synthesized gold nanoparticles of 

~20-50 nm size (that does not have carbon support) whose TEM image is given in the 

inset. Most of the particles spread have not penetrated the surface and very few particle 

injuries are there that showed least transformation output, which was not discussed. This 

exemplifies the necessity for a sharp carrier and that just spherical nanoparticles could 

not have resulted in better efficiencies as observed in HTC 600-Au case.
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Fig 5.24: SEM image of biolistic bombarded Leucaena embryo. A, B, C and D Embryo at 100, 30, 10 and 

3 m scale; E and F Embryo bombarded with HTC 600-Au at 10 and 3 m scale; G and H Embryo 

bombarded with micro gold particles at 10 and 3 m scale; I and J embryo without bombardment at1 m 

and 300 nm scale.
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5.3.9 Immuno-cytolocalization of peroxidase (POX) protein in L. leucocephala

transformants and lignin staining

For this study, utmost care was taken to select the control plants and transformed plants 

of same age group. Hence, the control plants are PCR negative (negative for GUS and 

kanamycin) plants which survived kanamycin selection, this plants showed better growth

and bio-metric parameters (height, growth and rooting) over the transformants.

Lignin biosynthetic peroxidase protein was immuno-cytolocalized in stem tissues of 

control untransformed plants (Fig.5.25 A, B & C) and PCR positive putative 

transformants (Fig.5.25 D, E & F), with a view to find whether there exists reduction in 

peroxidase expression in lignifying tissues (i.e vascular bundle and xylem fibres). The 

deposition of blue-black to purple  precipitate after incubating with BCIP/NBT mix 

confirms reduced levels of POX protein near the sites of lignification (Fig.5.25).

Fig 5.25: Immuno-cytolocalization of lignin biosynthetic peroxidase (POX) protein in Leucaena 

leucocephala. A, B & C stem sections of control plants showing higher levels of POX protein on xylem 

tissues over the transformed plants D, E & F. Control plants shows a well developed vascular bundles 

(continuous ring) over transformants (discontinuous ring)
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The above sections once analysed for peroxidase were then subjected to staining for 

phloroglucinol (Fig.5.26). It is evident to naked eye that the extent of 

lignification and the level of expression of POX protein is low in putative transformants 

when compared with the untransformed control plants 
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Table 2. Lignin estimation in transgenic Leucaena leucocephala

        Plant Acid soluble lignin

(%)

Acid insoluble lignin

(%)

Total lignin

Non-transformant           4.2730 32.00      36 (37.273)

Anti POX plant 5           3.838 28.24      32 (32.078)

Anti POX plant 8           2.713 25.73      28 (28.443)

Anti POX plant 31           3.622 30.17      33 (35.792)

Preliminary studies using Anti-LlPOX 3’ NC260 bp, from non-conserved region of lignin 

biosynthetic peroxidase revealed that (Table. 2), in all the three transgenic lines analysed 

for lignin, both acid soluble and acid insoluble lignin content has been reduced compared 

with control untransformed (Matsushita et al., 2004) plants grown under ideal conditions. 

This inturn, resulted in reduction of total lignin content in the plants. The present study 

on lignin estimation showed reduction in total lignin content in all transgenics analysed 

over the control non-transfromed plant.

Further, to validate the results, once sufficient growth has been attained for all the 

transgenic plants, they will be analysed for G lignin content and S lignin content. Since 

peroxidases belong to multi gene family and reported (Quiroga et al., 2000) to have 

preferential polymerisation for conifery alcohol and sinapyl alcohol, further studies will 

give relavent information regarding, whether there exists any preferential down 

regulation in content of G lignin and S lignin and S/G ratio compared with control plants. 

Such studies require more amount of tissues for analysis, at present our main focus is to 

establish this transgenics in field conditions and to see whether they follow Mendelian 

inheritance for the transgene(s) over generations.
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5.3.11 Conclusion

This is the first report of the biological synthesis of a Carbon-gold composite nano 

particle and its use as microcarrier in biolistic transformation of plant systems. The gene 

delivery was efficiently tested on a model plant N. tabacum that was further extended to 

monocot Oryza sativa and a hardy dicot tree species L. leucocephala. These nano gold 

embedded carbon matrixes reveal good dispersion of the transport material producing 

more number of GUS foci per unit area, as preferred in gene gun mediated plant 

transformation. Plant transformation efficacy (Nicotiana, Oryza) was found more using 

HTC 600-Au compared to conventional micron gold carrier. But ofcourse, for the plants 

analysed till date, HTC 600-Au gave more positive plants over gold carrier. The added 

advantage of the composite carrier is lower plasmid and gold requirements. SEM study 

showed least plant cell damage with carbon supported particles that can be related to its 

increased plant regeneration and transformation efficiency compared with the classical 

micro gold.

Three different anti-sense constructs of lignin biosynthetic POX gene were cloned in 

pCAMBIA 2301 binary vector and L. leucocephala was genetically transformed using 

particle bombardment and particle bombardment followed by co-cultivation. From the 

study it was clearly understood that Leucaena transformation using antisense POX

construct from conserved domains of peroxidase genes failed to produce healthy plants. 

So the strategy to down regulate lignin in dicot plants like Leucaena should be by using 

antisense constructs of POX gene from non conserved regions.

Putative transformants of Leucaena leucocephala were analyzed by PCR, Slot blot and 

ELISA techniques; further in these Leucaena transformants the reduced levels of POX 

protein expression and in turn the lignifications was shown by studies like Immuno-cyto 

localization and lignin staining using phloroglucinol respectively. These transgenic lines

were hardened and then transferred to green house for further growth. The transgenics

will be further analysed and characterized as low/altered lignin producing transgenic lines 

of Leucaena and will be utilized for paper and pulp industry in future.



SUMMARY   2



                                                                                                                          Summary

Abhilash. O.U                                        Ph.D Thesis 2009                              University of Pune  213

SUMMARY

Evolution of the land plants and their ability to colonise the earth required a mechanism that 

allowed the transport of water and nutrients from the roots to the aerial parts. To allow water 

conduction through the cells, the hydrophilic carbohydrates are incrusted with lignin, which 

makes the cell walls hydrophobic and impermeable to water. Lignin is nature’s second most 

abundant natural biopolymer and a major constituent of wood next to cellulose, it forms an 

integral cell wall component of all vascular plants and represents, on an average, 25% of the 

terrestrial plant biomass.

There is considerable interest in the biotechnological modification of (woody) plant lignin 

content and composition for three reasons; One, to delineate the mechanism(s) of lignin 

assembly in different cell types, whereas the other two include manipulating vascular plant 

biosynthetic pathways for improving the efficiency of pulp and paper making for quality, 

economic and environmental reasons and/or obtaining more readily digestible animal feed.

In the production of pulp (which is mainly cellulose), the hemicellulose and much of the 

lignin is removed to produce bright paper. This delignification process consumes large 

quantities of energy and hazardous chemicals and is neither, economical nor environment 

friendly. Hence, the tree species with reduced lignin content or altered quality of lignin is 

preferred by pulp and paper industry. Paper industry in India, mainly uses bamboos, 

Eucalyptus sp., Casuarina sp. and Leucaena sp. as a source for pulp. Although all these 

plant species are of importance to the paper industry, Leucaena sp. is extensively used in 

India and contributes to about 25% raw material for the industry.

Lignin biosynthesis genes have not been studied to great extent in L. leucocephala

especially, with regards to the enzymes involved in polymerization of monolignols to form 

the lignin. The reports on temporal and spatial expression pattern of POX gene(s) involved 

in monolignol polymerization is very limited in woody angiosperms. The present study on 

isolated POX gene(s) and their characterization will help in better understanding of their role 

in lignin biosynthesis in Leucaena and hence, genetic engineering could be attempted in this 

regard to meet the demands commercially raised by the pulp and paper industry.

A Few research groups in India are engaged in raising transgenic Leucaena sp. with low or 

altered lignin content. One of the prominent groups at National Chemical Laboratory (under 
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Council of Scientific and Industrial Research) is actively engaged in pursuing research on 

genes involved in lignin biosynthetic pathway in L. leucocephala. Myself, being part of this 

group, had the opportunity to work under the guidance of Dr. B. M. Khan and the work 

carried out is summarized here.

PCR based, RACE approach was used to fish out two POX cDNA clones namely, LBPox 

(Accession No. EU649680.1) and LlLBPOX (Accession No. GU143879). They both 

showed 95% sequence homology with each other. The full length cDNA clone of both the 

peroxidases were of 948 bp. Putative polyadenylation sites and the poly A tails were 

identified in the 3' UTRs. BLAST analysis revealed about 60 to 75% identity with other 

reported POXs in the database. Banding pattern in Southern hybridization suggested that at 

least 4 copies of POX gene is present in L. leucocephala genome. Analysis of deduced 

amino acid sequences of both the POX revealed highly homologous regions including the 

peroxidase active site and the ligand of heme binding. Phylogenetic analysis of deduced 

amino acid sequence was done using 19 protein sequences of POX from NCBI database

using the neighbor joining method. The results showed that isolated POXs are evolutionarily 

most similar to Pisum sativum. In the present preliminary studies in this thesis, the emphasis 

is given to only one of the POX homologs namely, EU649680.1 and its, cloning, expression 

and characterization is done in detail.

The peroxidase gene (POX) isolated from L. leucocephala was directionally cloned in pET-

28a(+) expression system. Recombinant POX protein was standardized for its over-

expression and purified from inclusion bodies; it was used to raise antibodies in New 

Zealand white, rabbit. The candidate peroxidase protein was detected in L. leucocephala by 

Western blotting. The gene coding for mature peptide of POX was cloned in eukaryotic 

expression system of Pichia pastoris and was expressed as glycosylated protein in its active 

form. The POX enzyme activity for substrates like coniferyl alcohol, sinaply alcohol and 

guaiacol was also standardized from purified POX protein expressed in Pichia. The 

functional expression of recombinant POX protein confirms that the cDNA isolated from L. 

leucocephala encodes for lignin biosynthetic peroxidase enzyme.

Spatio-temporal expression profile was investigated using real-time PCR analysis under 

normal and stress induced (using mannitol and NaCl) conditions. It was found that POX
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gene transcript was expressed in lignifying tissues of developing stem and root, specifically 

in vascular bundles or in the xylem. Extractable POX protein from developing seedlings 

were harvested at same point of time as in case of real-time PCR experiment, which also 

revealed the same pattern of POX gene expression. POX protein was immuno-cytolocalized

in tissues which are undergoing lignification. Taking cognizance of above expression pattern 

and localization of POX protein near lignifying tissue it can be stated that cDNA isolated 

and characterized in Chapter Three of this thesis have definite role in lignin biosynthesis in 

Leucaena leucocephala.

The present study describes, the first time report of the biological synthesis of a Carbon-gold 

composite (HTC 600-Au) nano particle and its use as microcarrier in biolistic transformation 

of plant systems. The gene delivery was efficiently tested on model plant N. tabaccum that 

was further extended to monocot Oryza sativa and a hardy dicot tree species L. 

leucocephala. These nano gold embedded carbon matrixes reveal good dispersion of the 

transport material producing more number of GUS foci per unit area, as preferred in gene 

gun mediated plant transformation. Plant transformation efficacy (Nicotiana, Oryza) was 

found more using HTC 600-Au compared to conventional micron gold carrier. But ofcourse, 

for the plants analysed till date, HTC 600-Au gave more positive plants over conventional 

micron sized gold carrier. The added advantage of the composite carrier is lower plasmid 

and gold requirements. SEM study showed least plant cell damage with carbon supported 

particles that can be related to its increased plant regeneration and transformation efficiency 

compared with the classical micron gold.

Three different anti-sense constructs of lignin biosynthetic POX gene were cloned in 

pCAMBIA 2301 binary vector and L. leucocephala was genetically transformed using 

particle bombardment and particle bombardment followed by co-cultivation. From the study 

it was clearly understood that Leucaena transformation using antisense POX construct from 

conserved domains of peroxidase genes failed to produce healthy plants. So in the strategy 

using POX gene to down regulate lignin, in dicot plants like Leucaena, antisense constructs 

of POX gene should be strictly designed from the non conserved regions of the gene.

Putative transformants of Leucaena leucocephala were analyzed by PCR, Slot blot and 

ELISA techniques; further in these Leucaena transformants the reduced levels of POX 
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protein expression and in turn the lignifications was shown by studies like immuno-cyto 

localization and lignin staining using phloroglucinol respectively. Presently, these transgenic 

lines were hardened and then transferred to green house for further growth. The transgenics 

will be further analysed and characterized as low/altered lignin producing transgenic lines of 

Leucaena and will be utilized for paper and pulp industry in future.
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 The peroxidase (POX) protein which is partially characterized will be studied in 

depth, including the attempts to isolate more isoforms of the gene from Leucaena. 

All the homologs of the gene will be cloned, expressed and characterized at their 

molecular and biochemical levels. The crystallization studies will be also attempted 

with different isoforms.

 Promoter region of POX gene(s) could be isolated and can be analysed for its 

expression using reporter genes like GUS and GFP.

 Putative transformants of L. leucocephala will be analysed for the transgene 

integration in their genome in detail and the plants will be confirmed over 

generations, to see the genes for which they are transformed follow Mendelian 

inheritance.

 More number of above characterized transgenic lines of Leucaena will be analysed 

for their performance for desired traits in field and most promising transformants 

suited for the paper industry could be multiplied for commercialization.
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                                                             APPENDIX

Table 2.1 List of equipment used in present study

S.No.                Equipment        Make

1. Balances Contech/ Sartorious

2. Water bath Julabo/

3. Dry Bath Eppendorf/BGenei

4. Incubator New Brunswick

5. Centrifuge Sorvall/Haereus/eppendorf/Sigma

6. Gel Documentation system Bio-Rad

7. Thermo Cycler PCR machine/Real Time PCR MJResearch/Stratagene

8. Spectrophotometer Applied Biosystem

9. Power pack Bio-Rad

10. Agarose Gel Electrophoresis Units Bangalore Genei/ Bio-Rad

11. Pprotein Gel Electrophoresis Units Hoeffer Scientific/ BioRad

12. Speed Vac concentrater Savant/Eppendorf

13. pH-Meter Global

14. Water purification system Millipore Unit (Milli RO/ Milli Q)

15. Microwave oven Bilbol

16. Fridge/ Deep freezer Vestfrost/Leonard/Godrej

17. Magnetic rotator REMI

18. Laminar Air Flow Microfilt India

19. Bioanalyser agilent 2100 Agilent Technology

20. Typhoon Trio + Scanner GE Healthcare (USA)

21. FPLC AKTA Explorer GE Healthcare (USA)

22.
Particle bombardment system

Biolistic-PDS 1000/He system 
(BioRad Laboratories, Hercules, 
USA)

23. ELISA Plate Reader Amersham (USA)

24. FTIR machine Spectrum One (Perkin Elmer,USA)

25. SEM- Stereoscan 440 model Leica

26. TEM G2 F-30 model Technai G2 F-30 model

27. iBlot Gel Transfer System Invitrogen



                                                                                                                                                                         Appendix

Abhilash. O.U                                            Ph.D Thesis 2009                                  University of Pune  258

Table 2.2 Buffers and Solutions for DNA Electrophoresis

          Name       Components Preparation and Storage

50x TAE
2 M Tris 
Acetic acid 
0.05 M EDTA 

pH was adjusted to 8.0 using glacial 
acetic acid and stored at  room 
temperature.

TBE buffer
90 mM Tris 
90 mM Boric acid 
2 mM EDTA 

Room temperature.

DNA loading buffer

0.25 g Xylencyanol 
0.25 g  Bromophenol blue
0.25 g Ficoll 400 
1.46 g EDTA 
make up the volume to 100 ml 
with H2O

The solutions were filter sterilized using 
0.22 micron (µ) filter and stored at room 
temperature.

Table 2.3 Buffers and Solutions for g-DNA isolation, Southern and Slot Blot

Name Components Preparation and Storage

Extraction buffer

100 mM Tris-HCl (pH 8.0)
20 mM Na EDTA (pH 8.0) 
1.4 M NaCl 
2.0% (w/v) CTAB
Add β-mercaptoethanol to 0.2 % 
before use. 

Room temperature.

Depurination buffer 0.25 N HCL Freshly prepared.

Denaturation buffer
1.5 M NaCl 
0.5 M NaOH

Room temperature.

Neutralization buffer
1.5 M NaCl 
1.0 M Tris HCl (pH 7.4)

Room temperature.

20 X SSC
3 M NaCl 
0.3 M Sodium citrate (pH 7.0) 

Room temperature.

Hybridization buffer

1% BSA 
1.0 mM EDTA pH 8.0
0.5 M Sodium phosphate
pH 7.2

7% SDS 

Room temperature.

Low stringency wash
buffer

6 X SSC 
0.1% SDS

Room temperature.

Moderate stringency wash 
buffer

2 X SSC 
0.1% SDS

Room temperature.

High stringency wash
buffer

0.2 X SSC 
1% SDS

Room temperature.
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Table 2.4 Stock solutions for E. coli transformation and selection 

Name Components Preparation and Storage

IPTG solution 200 mg/mL  in SMQ Sterile filtration and storage at  -20 ºC

X-Gal

(5-bromo-4-
chloro-3-indolyl-
β-D-galactoside)

20 mg/mL in N,N'-Dimethyl 
formamide (DMF) 

Light sensitive, covered &  store at -20 ºC

Ampicillin 100 mg/mL in SMQ Sterile filtration and storage at  -20 ºC

Tetracycline 12.5 mg/mL in 70% ethanol Sterile filtration and storage at  -20 ºC

Kanamycin 50 mg/mL in SMQ Sterile filtration and storage at  -20 ºC

Rifampcin 50 mg/mL in DMSO Sterile filtration and storage at  -20 ºC

Hygromycin 25 mg/mL in SMQ Sterile filtration and storage at  -20 ºC

Table 2.5 Buffers and Solutions for plasmid isolation (Alkaline lysis method)

Name Components Preparation and Storage

Solution I or

Resuspension buffer

50 mM Glucose, 25 mM Tris-HCl (pH 
8.0),10 mM EDTA (pH 8.0),

Store at 4 ºC

Solution II or 

Lysis buffer 0.2 N NaOH and 1% SDS Freshly prepared

Solution III or  
Neutralisation buffer

3 M Potassium acetate (pH 4.8) Store at 4 ºC

RNase A 10 mg/mL Store at -20 ºC

Other solutions or 

Reagents

Chloroform, Absolute ethanol, 3.0 M 
Sodium acetate, 70% ethanol & 
Deionized sterile water

Room temperature.
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Table 2.6 Buffers and Solutions for Gel Electrophoresis (native/ SDS-PAGE)

Name Components Preparation and Storage

Monomer solution 29.2% acrylamide
0.8% bis-acrylamide in water

Store at 4 ºC
(in darkness)

Stacking gel

Distilled water                 03.40 mL
1 M Tris-HCl (pH 6.8)   00.63 mL
Acrylamide/bis 30%,        0.83 mL
10% SDS                          0.05 mL 
10% (w/v) APS                0.05 mL
TEMED                             04 μL

Freshly prepared

Separating gel (10%)

Distilled water                   3.3 mL
1.5 M Tris-HCl (pH 8.8)   2.0 mL
Acrylamide/Bis 30%,        4.0 mL
10%  SDS (SDS-PAGE)  0.1 mL 
10% (w/v) APS                  0.1 mL
TEMED,                              07 μL

Freshly prepared

2x Protein loading buffer

Distilled water                    2.7 mL
0.5 M Tris-HCl (pH 6.8)    1.0 mL
Glycerol,                             2.0 mL
10% SDS(SDS-PAGE)     3.3 mL 
β-Mercaptoethanol             0.5 mL
0.5% Bromophenol blue    0.5 mL

Store at 4 ºC

10x SDS-electrode buffer

Tris base                             15.1 g
Glycine                               94.0 g
SDS                                     00.5 g
Adjust pH-8.3
And make-up the volume up to
500 mL.

Store at 4  ºC
Dilute 1:10  before use

Staining solution

Coomassie-blue R 250, 0.25 g in
Methanol, 40  mL
Acetic acid, 10 mL
Make-up to 100 mL

Store at 4 ºC (in darkness)

Destaining solution
Methanol, 40 mL
Acetic acid, 10 mL
Make- up to 100 mL

Store at 4 ºC (in darkness)

Silver staining Fixer solution
40% Methanol, (150 mL)
10% acetic acid, (50 mL)
Make-up to 100 mL

Store at RT

Sensitizing solution 0.2% Na2S2O3 Store at RT

Silver solution
0.2% silver nitrate (0.6 g)
0.01 % formaldehyde (225 μL)
Make-up to 300 mL

Prepare fresh  in darkness

Developing solution
6% Na2CO3 (18 g)
0.02% formaldehyde (150 μL)
Make-up to 300 mL

  Prepare fresh
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Stop solution 1.5% Na2EDTA (4.5 g)
Make-up to 300 mL

Store at RT

Table 2.7 Buffers and solutions for protein purification (based on imidazole conc.)

Name Components Preparation and Storage

Binding buffer
50 mM Tris

150 mM NaCl
10 mM imidazole
5% glycerol (pH 8.0)

Adjust pH by adding concentrated HCl 
and  store at 4 ºC

Wash buffer 50 mM Tris
300 mM NaCl
25 mM imidazole
10% glycerol (pH 8.0)

Adjust pH by adding concentrated HCl 
and store at 4  ºC

Elution buffer
50 mM Tris
300 mM NaCl

200 mM imidazole
10% glycerol (pH 8.0)

Adjust pH by adding concentrated HCl 
and store at 4  ºC

Table 2.8 Buffers and solutions for protein extraction under denaturing conditions

      Name                    Components Preparation and Storage

Lysis buffer

50 mM Tris-HCl (pH 8.0) 
5 mM EDTA   
100 mM NaCl                                    
0.5% TritonX-100         
0.7 mM DTT 
0.1 mM PMSF (Freshly added)                                    
10 mM MgSO4

Lysozyme 100 µg/mL (Added freshly)

Store at 4 ºC

Sonication 
buffer

100 mM Tris HCl (pH8.0)
50 mM Glycine

Store at 4  ºC

Dispersion 
buffer:

100 mM Tris-HCl (pH8.0)
50 mM Glycine & 8 M Urea /6 M GuHCl

Store at 4  ºC
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Table 2.9 substrates used for the study

       Substrates                Manufacturer

Coniferyl alcohol Sigma-Aldrich (USA)

Coniferyl aldehyde Sigma-Aldrich (USA)

Sinapyl alcohol Sigma-Aldrich (USA)

Syringaldazine Sigma-Aldrich (USA)

Sinapyl aldehyde Sigma-Aldrich (USA)

Guaiacol Fluka

Table 2.10 Buffers and Solutions used for ELISA, Immunocytolocalization, Lignin staining and 
DNA coating over micro carriers

Name Components Preparation and Storage

Crude protein 
extraction buffer

20 mM Phosphate buffer (pH 7.4)
2% PVPP
2% PEG 6000 

10 mM PMSF

Store at room temperature.

PBST
1.44 g Na2HPO4

0.24 g KH2PO4

0.2 g KCl
8 g NaCl
0.05% v/v Tween-20

Store at room temperature.

Antibody dilution 
Buffer

PBS with 0.25% BSA Store at room temperature.

Substrate buffer 200 mM Tris-HCl pH 9.5
0.5 mM MgCl2

Store at room temperature.

1X PBS 10 mM NaH2PO4- Na2HPO4 Buffer (pH 
7.2)
130 mM NaCl

Adjust pH to pH 7.2 and stored at 
4 ºC

0.5 X SSC 75 mM NaCl
7.5 mM Na-Citrate

Adjust pH to pH 7.0 and stored
at 4 ºC

Color development
buffer

100 mM Tris (pH 9.5)
150 mM NaCl, 

50 mM MgCl2

Store at 4 ºC

BCIP/NBT mix 0.577 mM BCIP
0.122 mM NBT

Store at 4 ºC in dark
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Stop Solution 10 mM EDTA Store at room temperature.
Other reagents used Polyvinyl alcohol, Ethanol, Tertiary 

butanol, Paraffin, Xylene, Glycerol
Store at room temperature.

X-GluC

2 mM X-Gluc (5-bromo,  4-chloro, 3-
indolyl-β-D-glucuronide) in 50 µL
DMSO and 50 mM sodium phosphate 
buffer pH 7.0 containing 0.1 mM 
potassium ferricyanide and ferrocyanide. 
Working solution 2.5 mL above stock + 
1 mL methanol + 1.5 mL sodium 
phosphate buffer pH 7.0

Adjust pH to 7.0 and stored at 4 ºC

Phloroglucinol 2% Phloroglucinol in 95% ethanol Store at 4 ºC
Xho buffer 150 mM Nacl

10 mM Tris-HCl pH 8.0
Store at -20 ºC

Spermidine 0.1 M Spermidine in H2O Store at -20 ºC
CaCl2 2.5 M CaCl2 Store at -20 ºC

Table 2.11 Component of Murasighe and Skoog media /Different inducing media and hormones

Name Components Preparation and 
Storage

Major component
20.61 mM NH4NO3

18.75 mM KNO3

2.99 mM CaCl2.2H2O
1.5 mM MgSO4.7H2O
1.24 mM KH2PO4

Store at 4 ºC

Minor components

0.147 mM MnSO4

5.3 x 10-2 mM  ZnSO4

1.56 x 10-4 mM CuSO4

1.05 x 10-4 mM COCl2.6H2O
4.99 x 10-3 mM KI
0.1mM H3BO4

1.03 x 10-3 mM Na2Mo4.2H2O

Store at 4 ºC

Vitamins
5.55 x10-2 mM Myoionsitol
4.06 x 10-3 mM Nicotinic acid
2.43 x 10-3mM Pyridoxine HCl
2.96 x 10-4 mM Thymine HCl
2.66 x 10-2 mM Glycine

Store at 4 ºC

Iron 0.1 mM FeSO4.7H20
0.1 mM Na2EDTA

Store at 4 ºC

BAP 1.776 mM BAP (dissolve in NaOH and make up the 
volume by adding ethanol)

Store at 4 ºC
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NAA 2.148 mM NAA (Dissolve in H2O) Store at 4 ºC

Callus induction medium 
(Nicotiana)

MS basal medium (pH 5.8)
2% sucrose
0.8% BA and NAA 
1.4 % agar

Store at 4 ºC

Shoot Induction medium 
(Nicotiana)

Major (40x)-25  mL
Minor (100x)-10  mL
Iron (100x)-10  mL
Vitamins (200x)-5 mL
BAP (4.4 μM))-1 mg/L
NAA (5.37 μM)-0.5 mg/L
Glucose-1.5%
Sucrose-2.0%
pH-5.6 to 5.8
Agar-0.8%
(make up to volume 1L)

Store at 4 ºC

Resuspension medium

Major (40x) 25 mL
Minor (100x) 10 mL
Iron (100x) 10 mL
Vitamins (200x) 5 mL
BAP (4.4μM) 2.5 mL
NAA (5.37μM) 250 μL
Glucose 1.5%
Sucrose  2.0%
pH-5.6 to 5.8
Acetosyringone-200 μM
MgSO4 40 mM
(make up to volume 1L)

Store at 4 ºC

Root Induction medium 
(Nicotiana)

Major(40x) 25 mL
Minor(100x) 10 mL
Iron (100x) 10 mL
Vitamins (200x) 5 mL
NAA(5.37 μM) 250 μL
Glucose 1.5%
Sucrose 2.0%
pH-5.6 to 5.8
Agar 0.8%
(make up to volume 1L)

Store at 4 ºC

Callus induction medium 
(Oryza sativa)

MS medium + 2.5 mg/L 2,4-D supplemented with 36.4 
g/L mannitol and 36.4 g/L sorbitol

Store at 4 ºC
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Shoot Induction medium 
(Oryza sativa)

MS medium supplemented with BAP and NAA (Sigma, 
USA) 3 mg/L and 0.5 mg/L respectively) Store at 4 ºC

Root Induction medium 
(Oryza sativa)

1/2- MS basal salts, MS vitamins and 15 g/L sucrose Store at 4 ºC

Shoot Induction medium 
(Leucaena)

1/2 -basal MS medium + TDZ (0.5 mg/ L) Store at 4 ºC

Shoot elongation medium 
(Leucaena)

1/2 -MS with Cytokinin, 2ip (2 isopentenyl adenine) 0.5 
mg/ L

Store at 4 ºC

Selection medium 50 mg/L hygromycin for Oryza sativa
250 mg/L kanamycin for Nicotiana and Leucaena
200/250 mg/L cefotaxime to control Agrobacterium

Store at 4 ºC

Table 2.12   Different media used for studies bacterial growth

Name Components Preparation and Storage

Luria Bertani Broth (LB) 
1%  Bactotryptone  
0.5% Yeast extract    
1%  NaCl 

pH adjusted to  7.0 with NaOH, 
store at room temperature or at +4  

ºC

SOB media

2%  Bactotryptone  
0.5%  Yeast extract    
10 mM NaCl
10 mM MgCl2.6H2O          
2 mM KCl

pH adjusted to  6.8 with NaOH,  
store at room temperature or at +4 
ºC

TB buffer 10 mM PIPES
15 mM CaCl2

250 mM KCl

pH was adjusted 6.8 with KOH. 
MnCl2 was added to final 
concentration of 55 mM and filter 
sterilized

YEP

1%  Bactotrypton
1%  Yeast extract
0.1%  Glucose

pH adjusted to  7.0 with NaOH, 
store at RT or at +4  ºC

Terrific Broth 

12 g Bactotryptone
24 g Yeast extract
9.4 g K2HPO4

2.2 g KH2PO4

4 mL Glycerol 
Make up the volume to 1L.

pH was adjusted to 7.5 and 
autoclaved.
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NZY broth and agar

0.5% NaCl
0.2% MgSO4. 7 H2O
0.5% Yeast Extract
1.0% Tryptone
1.5% Agar (for NZY agar)

pH adjusted to  7.5 with NaOH, 
store at room temperature or at +4
o C

SM Buffer
0.58% NaCl
0.2% MgSO4. 7 H2O
50 mM Tris-HCl
0.2% Gelatin

Store at room temperature

Table 2.13 Bacterial cell lines used

   E.coli Genotype

DH 5α F' _80_lacZ_M15 end A1 hsdR17 (rk-mk+) supE44 thi-1_-gyrA96 relA1 
_(lacZYA-argFV169) deoR

JM 109 e14-(McrA-) recA1 endA gyrA96 th-1 hsdR17(rk-mk+) supE44 relA1 
_(lac-proAB) [F' traD36 proAB lacqZ _M15

XL1 Blue RecA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB 
lacIqZΔM15 Tn10 (Tetr)

TOPO 10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 
araD139 Δ(araleu) 7697 galU galK rpsL (StrR) endA1 nupG

BL 21 F-, ompT hsdSB (rB – mB -) gal dcm (DE3) pLysS (CamR)
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BRADFORD PROTEIN ASSAY

Principle
The assay is based on the observation that the absorbance maximum for an acidic solution of 
Coomassie Brilliant Blue G-250 shifts from 465 nm to 595 nm when binding to protein occurs. 
Both hydrophobic and ionic interactions stabilize the anionic form of the dye, causing a visible 
color change. The assay is useful since the extinction coefficient of a dye-albumin complex 
solution is constant over a 10-fold concentration range. 

Reagent required

1. Bradford reagent: Dissolve 10 mg Coomassie Brilliant Blue G-250 in 5 mL 95% ethanol, 
add 10 mL 85% (w/v) phosphoric acid. Dilute to 100 mL when the dye has completely 
dissolved, and filter through Whatman #1 paper just before use. 

2. (Optional) 1 M NaOH (to be used if samples are not readily soluble in the color reagent). 

The Bradford reagent should be a light brown in color. Filtration may have to be repeated to rid 
the reagent of blue components. 

ASSAY

1. Warm up the spectrophotometer 15 min. before use. 
2. Dilute samples with buffer to an estimated concentration of 20 to 200 micrograms/mL
3. Prepare standards containing a range of 20 to 200 micrograms protein (albumin or 

gamma globulin are recommended) to a standard volume (generally 1 mL or less). 
4. Prepare unknowns to estimated amounts of 20 to 200 micrograms protein per tube, same 

volume as the unknowns. 
5. Add 0.25 mL 1 M NaOH (Optional) to each sample and vortex. 
6. Add 5 mL dye reagent and incubate 5 min. 
7. Measure the absorbance at 590 nm

ANALYSIS

Prepare a standard curve of absorbance versus micrograms protein (or vice versa), and 
determine amounts from the curve. Determine concentrations of original samples from the 
amount protein, volume/sample, and dilution factor, if any. 
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