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Tea is the most popular and inexpensive beverage produced from young leaves of 

the commercially cultivated tea [Camellia sinensis (L.) 0. Kuntze] plant. In North 

Bengal tea cultivation is practiced in Dooars and Terai region (Plate 1, figs. A&B), as 

well as Datjeeling hills. Total area under tea cultivation in North Bengal 1s 

approximately 1,10,000 ha producing 180 million kg of tea. Tea leaves, besides 

providing the most healthy drink, are now-a-days being exploited for other innovative 

aspects like extraction of active principles that give protection from cancer and other 

diseases (Chakraborty and Chakraborty, 1998). Therefore, the importance of this crop for 

human beings cannot be overemphasized. 

Perennial habit of the tea plant; peculiar cultural conditions and warm humid 

climate of the tea growing areas are highly conducive for disease development (Hajra, 

2001). A large number of pathogenic organisms are available in this ecological niche. 

Various diseases affect the crop by their indirect effect on bush health, but ifboth young 

and mature leaves are attacked, the quantity of harvest is reduced (Baby, 2001 ). Among 

the diseases of tea, brown blight is a foliar fungal disease ( Ruan et al, 2000; Zee et al, 

2003; Keith et al, 2000; Ponmorugan et al, 2007) caused by anamorph Colletotrichum 

gloeosporioides Penz. (Sacc.) [teleomorph Glomerella cingulata (Stoneman) Spauld.& 

Schrenk.]. The fungus is characterized by the conidia that readily form appressoria on 

germination (Plate 1, inset). Entry of the· pathogen ·can be facilitated through a wound 

that may occur by insect damage, pruning or sunscorch. Most favourable. conditions for 

occurrence of this disease is a humid atmosphere, with a minimum temperature of about 

24°C, heavy rainfall and less hours of sunshine (Chakraborty et al, 2002). Small, oval, 

pale yellow spots first appear on leaves. Often the spots are surrounded by a narrow 

reddish halo (Plate 1, fig. D). As the spots grow and tum brown, tiny black dots become 

visible and eventually the dried tissue falls, leading to defoliation (Plate 1, fig. E). 

The economic impact of the genus Colletotrichum has led to extensive studies on 

diverse aspects of its biology, such as host specificity (Correl et al, 2000; Freeman, 

2000), cell biology of infection process (O'Connell et al, 2000), host-pathogen 

interaction (Prusky et al, 2000), genetic diversity (Freeman, 2000), cytogenetics of 

ascospores and conidia (Roca et al, 2003) and epidemiology (Forster and Adaskaveg, 

1999; Timmer and Brown, 2000). Species of this genus have been used as models for 



Plate 1 (A-D) : Tea gardens (A) Murti Tea Estate. (B) Sundew Tea Estate and 
(C & D) brown blight affected tea bush. Germinating conidia of Glomerella 
cingulata (inset). 
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studying infection strategies and host-parasite interactions (Perfect et a!, 1999), the 

genetic basis of fungal symbiotic lifestyle (Rodrigues and Redman, 2000) and for 

developing disease forecasting systems (Monroe et a!, 1997; Adaskaveg et a/, 2001, 

2002; Uddin eta!, 2002). Out of all the Colletotrichum spp., C. gloeosporioides is by far 

the most predominant and major pathogen on a wide range of cultivated crops, 

particularly tropical perennial crops. 

The hosts include plants from highly diverse families of dicots such as Rosaceae 

(Fragaria sp. and Malus sylvestris), Anacardiaceae (Mangifera indica and Anacardium 

occidentale) and Rutaceae (Citrus spp.). Monocot hosts are also from unrelated families 

such as Zingiberaceae (Curcuma longa),., Gramineae (Sorghum sp.) and Musaceae (Musa 

acuminata). This unusually wide host range of the foliar fungal pathogen may indicate its 

adaptive capacity as well as highly advanced type of sexual reproduction,. which is 

difficult to observe. C.gloeosporioides is a common saprobe and opportunistic invader 

of dead or damaged plant material, although there are many aggressive pathogenic forms, 

which are morphologically indistinguishable. 

Many problems still remain in providing a workable taxonomy of this genus in 

spite of the work done on the molecular aspects of the fungus. Besides, the pathology of 

the systems involving C. gloeosporioides is complicated by the variability of its isolates 

with respect to pathogenicity, virulence, growth rate, morphology and other characters. 

In spite of these complications, several plant-pathogen systems involving C. 

gloeosporioides have beeen successfully used in elucidating the defence . reactions in 

plants (Prusky eta/, 2000; Wang eta!, 2004). Therefore, tea- G. cingulata (teleomorph 

C. gloeosporioides ) pathosystem was selected for the present study due to its economic 

importance and academic implications. Plant defense towards potential pathogens 

encompasses a wide array of mechanisms, some leading to the rapid reinforcement of 

preexisting structural barriers, others to the de novo synthesis of a large diversity of 

defense-related compounds via transcriptional activation of the corresponding genes. In 

recent years, numerous plant genes potentially involved in the pathogen defense response 

have been isolated. The antioxidant properties of tea have been largely attributed to the 

high amount of phenolics in tea leaves. Phenolics are also known to act as reactive 

oxygen species scavengers, thus extinguishing the harmful hydroxyl radicals (Grassmann 

et al, 2002). Induction of the PR (Pathogenesis-related) -proteins in the resistant 

interactions is well-documented (Van Loon, 1997, 1999; Jebakumar et a/, 2001; 
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Chakraborty, 2005; Van Loon eta/, 2006). A substantial body of evidence suggests the 

involvement of the various enzymes in resistance of plants to a plethora of pathogens. 

The defense gene products such as peroxidases (POX) and polyphenol oxidases (PPO) 

catalyze the formation of lignin and phenylalanine ammonia-lyase (PAL), which are 

involved in the synthesis of phytoalexins and phenolics (Karthikeyan et a/, 2005). 

Pathogenesis-related proteins (PRps) such as ~-1,3-glucanases (PR-2) and chitinases 

(PR-3, PR-4, PR-8, and PR-11) degrade the fungal cell wall and cause lysis of fungal cell 

walls. Furthermore, chitin and glucan · oligomers released during degradation of the 

fungal cell wall by the action of lytic enzymes act as elicitors that elicit various defense 

mechanisms in plants (Karthikeyan et a/, 2005). Peroxidase (POX) has also been 

proposed to be an important enzyme regulating host-pathogen interactions (Van 

Breusegem et a/, 2001; Som and Chakraborty, 2003; Dowd and Johnson, 2005; 

Burkhanova et a/, 2007). The involvement of each of these different enzymes at the 

various stages of pathogen infection calls for a thorough study at the ground level. 

The utilization of the natural plant immunity response has long been a goal of 

modern biodynamic agriculture. Modern biotechnology has developed well-defined 

compounds that induce systemic resistance (Von Rad et a/, 2005). One well 

characterized example IS S-methyl benzo[ 1 ,2,3 ]thiadiazole-7 -carbothioate 

(benzothiadiazole). It is a chemical analogue of salicylic acid, and as such, 

benzothiadiazole induces resistance through the SA-dependent pathway (Achuo et a/, 

2002; Cao and Jing, 2006). A number of commercial products such as BIO~ for 

benzothiadiazole and Elexa ™ for chitosan (Sharatchandra et a/, 2004) have been 

developed for broad range pathogen resistance. Aquaous solution of hydrogen peroxide 

has been patented by Larose and Abbot ( 1998) for use against a broad range of pests and 

pathogens on different crops. Besides, the evidence is accumulating that this radical 

induces protective mechanisms (Rizhsky et a/, 2004; Kotchoni and Gachomo, 2006). 

Nitric oxide (NO), is a gaseous molecule that has been only recently proposed to be the 

key component in resistance mechanism of plants (Mur et a/, 2005, 2006; Wang and 

Higgins, 2006). 

Keeping in VIew the above mentioned points, present investigation was 

undertaken to elucidate the defense mechanism in tea plants against G. cingulata with 

the following objectives in mind : (a) to characterize the isolates of G. cingulata (b) to 

identify the varieties resistant and susceptible to G. cingulata (c) to determine the 
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disease reaction elicited by the cell wall and _spore of G.cingulata (d) to analyse the 

soluble pathogen-induced proteins by SDS-PAGE in compatible and incompatible 

reactions (e) to find out the level of phenolics and diffusible compounds in tea plants 

following interaction with G.cingulata, (t) to assay the defense enzymes : peroxidase 

(POX), polyphenol oxidase (PPO), phenylalanine ammonia lyase (PAL), tyrosine 

ammonia lyase (TAL), chitinase (CHT), (3-1,3 glucanase (GLU) in constitutive and 

induced resistance (g) to analyse the isozymes of peroxidase and polyphenoloxidase in 

compatible and incompatible ractions (h) to induce resistance in tea plants using abiotic 

compounds and evaluate the level of defense enzymes therein. 

In the beginning, a brief review of literature related to the area of this 

investigation, is presented. 
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Plant resistance is integral to the successful management of disease in plantation 

crops. Host recognition of the exogenous signal-molecule initiates a cascade of reactions 

that culminate in the hypersensitive response (HR). The oxidative burst, phytoalexins 

and the various defense enzymes variously involved in the HR. curtail further invasion by 

the pathogen. The resistance expressed in this way is the more durable qualitative 

resistance (Pennypacker, 2000). A better understanding of the mechanisms of plant 

defense against pathogens might lead to improved strategies for enhancement of disease 

resistance in economically important plant species (Odjakova and Hadjiivanova, 2001). 

Systemic Acquired Resistance (SAR) acts non-specifically throughout the plant body 

and reduces the severity of disease caused by all classes of pathogens. The resistance can 

be induced in the field by prior inoculation with avirulent pathogen. However, the 

definition of the quantity of the pathogen may affect the application of the results in the 

field and also there is always a fear of outbreak of disease under optimum conditions 

(Shetty, 2002). Thus, non-toxic abiotic elicitors that can induce the SAR response are 

the call of the day. However, it is important to define the principal biochemical 

manifestation of the plant defense - the so-called 'defense enzymes' and review which 

enzymes can be indeed used as markers of disease resistance. 

(A) Defense enzymes as markers of resistance 

It is well known that the ubiquitous plant response to the pathogen is the 

activation of some physiological and biochemical processes necessary for impeding 

further pathogen progress. These include initially alteration of ion fluxes across the plant 

cell membrane and generation of active oxygen species (AOS), changes in the 

phosphorylation state of regulatory proteins, and transcriptional activation of plant 

defense system. 

Initially, upon recognition of pathogens, plants activate a battery of defense 

responses, including the oxidative burst, the hypersensitive response (HR), cell wall 

fortification and defense-related protein synthesis (Hammond-Kosack and Jones, 1996; 

Lamb and Dixon, 1997; Gachomo et al, 2003; Jones and Dangl, 2006). One ofthe most 

rapid defense reactions to pathogen attack is the oxidative burst, which leads to the 

transient production of large amounts of reactive oxygen species (ROS), including 

superoxide (On, hydrogen peroxide {H202), and the hydroxyl radical (·OH) (Lamb and 

Dixon, 1997; Kawano, 2003; Laloi et al, 2004). The oxidative burst occurs during the 
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HR. in plants following the perception of pathogen avirulence signals (Hammond-Kosack 

and Jones, 1996; Lamb and Dixon, 1997; Grant eta!, 2000a). The generation of AOS 

requires removal of the excess of such harmful radicals so as to maintain equilibrium 

and leave the host intact or as safe as possible. This is achieved by ROS scavengers. 

These are mostly enzymes like catalase (CAT), ascorbate peroxidase (APX), peroxidase 

(POX), superoxide dismutase (SOD) and glutathione reductase (GR) (Arora eta!, 2002). 

A substantial body of evidence indicates that AOS regulate all the important 

cellular processes during stress response as reviewed by Apel and Hirt (2004). In 

French bean (Phaseolus vulgaris), pea (Pisum sativum) and cow pea (Vigna sinensis), 

cell-wall-bound peroxidases appeared to be the main source (Kiba eta!, 1997; Bolwell et 

a!., 1998, 2002) of superoxode anion. H202 , on the other hand , is formed by the 

activities of peroxidase, diamine/ polyamine oxidase and/or oxalate oxidase through 

various mechanisms involving membrane-bound receptors as stated by Langebartels et 

a! (2002). Hypohalides are formed by peroxidase when a halide reacts with hydrogen 

peroxide: 

POX 

X: + H202 --------~ OX: + H20 

Peroxidase can also catalyse the formation ofH202 and 0 2-: 

NAD+ + 02 -------~ 02- + NADH 

02- produced in this reaction can now be used for spontaneous dismutation with the help 

of SOD (Superoxide dismutse): 

Mn2+ 

02- + 2W -------~ H202 + 02 

The accumulation of ROS toward the apoplast is considered to originate mainly 

from an increased activity of apoplastic peroxidases, amine oxidases, and an NADPH

oxidase complex coupled to a decrease in cellular ROS-scavenging capacity (Bolwell, 

1999; Mittler eta!., 1999; Torres and Dangl, 2005). pH-dependent cell wall peroxidases, 

germin-like oxalate oxidases, and amine oxidases have been proposed as sources of H20 2 

in the apoplast (Bolwell and Wojtaszek, 1997). Cell wall peroxidases dependent on pH 

are activated by alkaline pH and in the presence of a reductant, H20 2 is formed. 

Alkalinization of the apoplast upon elicitor recognition precedes the oxidative burst and 

the production of H20 2 by pH-dependent cell wall peroxidases has been proposed as an · 
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alternative way of AOS production during biotic stress (Bolwell and Wojtaszek, 1997; 

Wojtaszek, 1997b). H202 formed by the oxidation of amines may be directly utilized by 

wall-bound peroxidases in lignification and cell wall strengthening, both during normal 

growth and in response to external stimuli such as wounding and pathogenesis (Allan and 

Fluhr, 1997;-Bolwell and Wojtaszek, 1997). 

Ascorbate and ascorbate peroxidase (APOX) or ascorbate oxidase act by 

removing H202. By reducing ascorbate, H202 is converted to H20. The regeneration of 

reduced ascorbate (monodehydroascorbate I MDHA) is achieved by monodehydrate 

ascorbate reductase and dehydro-ascorbate reductase ( Grassmann eta!, 2002). 

APOX , 

H202 + Ascorbate -------------7 H20 + MDHA 

Catalase is a four subunit haeme protein, catalyzing the release of oxygen from 

H202 according to the equation : 

2H202 ------------7 2 H20 + 02 

As well as catalyzing the destruction of peroxide, catalase is also able to effect 

the oxidation of substrates, notably methanol, ethanol, by its so-called peroxidatic 

activity. The peroxidase reaction requires acid pH for appreciable activity, in contrast to 

alkaline pH conditions in which most of the peroxisomal and glyoxisomal reactions 

occur most readily (Butt, 1980). Catalase is reported to be inhibited by salicylic acid 

(SA), SAR activator (Chen and Klessig, 1991; Alvarez, 2000; Kawano and Mutto, 2000). 

Several reports have shown that SA can change depending upon the concentration of 

H202 (Shakirova, 2001), the activities of catalase and peroxidase (Dumer and Klessig, 

1995, Guan and Scandalios, 2.000; Chandra et al, 2001). Therefore, the antioxidant 

enzymes like. catalase and ascorbate peroxidase are also important components in plant 

defense machinery. 

Plant peroxidases (EC 1.11.17) are ubiquitous, heme-containing glycoproteins 

that catalyze oxidation of diverse organic and inorganic substances at the expense of 

hydrogen peroxide (H202). Higher plants have a number of peroxidase (POX) 

isoenzymes that are usually classified as anionic, neutral and cationic, based on their 

isoelectric points (Barz et al, 1990; Shivakumar et al, 2003; Maksimov et al, 2006). 

Peroxidase gene families are well described from many species, such as rice and parsley 

and Arabidopsis (Kawalleck et al, 1995; Chittoor et al, 1997; Tognolli et al, 2002; 

Passardi. et al, 2004). The increase of peroxidases after infection or elicitation often 
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correlates with the appearance of new isofonns (Ludwig-Muller et al, 1994; Adam et al, 

1995; Chittoor et al, 1997; Gogoi et al, 2001; Mydlars and Harvell, 2007). Anionic and 

neutral peroxidases are mainly cell wall-bound, and cationic forms are confined to the 

central vacuole (Perrey et al, 1989; Kawalleck et al, 1995), so the former are those 

mainly linked with defence because of their location. Some forms can also generate 

active oxygen species as part of the oxidative burst during incompatible interactions 

(Adam et al, 1995; Hiraga et al, 2001). Increase in peroxidase activity during 

incompatible plant-pathogen/elicitor interactions is well documented and some 

peroxidases have been spatially and temporally associated with inhibition of pathogen 

growth (Adam et al, 1995; Milosevic and Slusarenko, 1996; Chittoor et al, 1997; 

Shivakumar et al, 2003; Sundar et al, 2006 ). Results of investigations conducted by 

Choi et.al (2007) indicate that the CaP02 peroxidase is involved in ROS generation, both 

locally and systemically, to activate cell death and PR gene induction during the defense 

response to pathogen invasion. The family of peroxidase proteins also has diverse 

functions in lignification, wound responses, pathogen attack and growth regulator action. 

While the majority of these proteins function in the removal of H202 , a subfamily of 

secretory peroxidases is able to produce H202 through a superoxide binding intermediate, 

requiring a suitable reductant as well as alkaline pH (Lamb and Dixon, 1997 ). 

However, the role of peroxidase, included in PR-9 family of pathogenesis-related 

proteins, is quite controversial. There is a conventional view according to which the high 

activity of peroxidase is primarily associated with resistance (Ye et al, 1990; Kalim et al, 

2000;Chen eta!., 2000; Lin and Kao, 2001). Peroxidase, is thus, accordingly, an oxido

reductive enzyme that participate in the hardening of cell wall such as oxidation of 

phenols, suberization, and lignification of host plant cells during the defense reaction 

against pathogenic agents (Ray eta/, 1998). The resistance, therefore, is associated with 

the induction of peroxidase in host tissues ( Van Breusegem et al, 2001; Lin and Kao, 

2001 ). Besides, parallelly, and at present, in focus, the evidence has been accumulating 

that in some host-pathogen systems at least, peroxidase may not be associated with 

resistance, acquired (like SAR or ISR) or even inherent within the host's genotype 

(genetically modified or naturally occurring). Dalisay and Kuc (1995), in cucumber

Colletotrichum Iagenarium system, found that the activities of peroxidase and their 

isofonn patterns are not reliable biochemical markers for the level of induced resistance 

prior to the challenge inoculation with the pathogen. In their investigations, the activities 
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of peroxidase were high or higher in the susceptible leaves of non-induced plants at later 

times in the experiment than they were in the induced plants 7 days after induction, when 

the induced resistance was at maximum. Induction of peroxidases occurs early in the 

infection of Calletatrichum glaeaspariaides on its susceptible plants of forage legume 

Stylasanthes humilis, (Harrison eta!, 1995; Curtis eta!, 1997). Manandhar eta! (1999) 

from their findings concluded that the mRNA transcripts accumulated to a higher level in 

compatible than in the incompatible reaction between rice and Pyriculariea aryzae. 

According to Van Pelt-Heerschap and Smit-Bakker (1999), total peroxidase activity 

increased with time in all combinations of Fusarium axysparum - Dianthus interactions 

viz. compatible and incompatible. Sulman et a! (200 1) has indicated that the peroxidase 

activity was associated with neighther susceptibility nor resistance. No direct correlation 

was found in their experiments between the amount of peroxidase extracted from mature 

barley kernels and the level of black point in the cultivars analysed. Genotypes that 

exhibited high levels of resistance to black point (Harrington and WA5034) displayed 

similar levels of total peroxidase activity to the genotypes with low levels of resistance to 

black point WI2976, Schooner, and Tallon. Similar results with respect to peroxidase 

profile was obtained by Som and Chakraborty (2003) in case of brown blight of tea. 

Recently, results by Yasupova et a! (2006) clearly showed that the activities of 

peroxidase were similar in the resistant and susceptible cultivars of wheat with respect to 

Septaria nadarum. Besides, Burkhanova et a! (2007) reported that in the seedlings of 

wheat cultivar susceptible to Botrytis sarakiniana cell wall bound peroxidase activity 

increased and remained at ·higher level relative to control throughout the experiment. On 

the contrary, in the resistant cultivar the level of peroxidase did not increase much 

relative to control. 

A particular cationic peroxidase isozyme is associated with matze stress and 

disease resistance response (Dowd and Johnson, 2005). The acp3 (named due to 

averexpression of cationic peroxidase) Mutant in Arabidapsis has enhanced resistance to 

necrotrophic but not to biotrophic pathogens as shown by Coego eta! (2005). According 

to Maksimov et a! (2006), cytoplasmic POX activity in normal seedlings of Aegilaps 

umbellata could not be used for the prediction of its resistance to Septaria nadorum 

blotch. But, specific isozymes of peroxidase and infection-induced anionic isoforms 

were the markers of resistance in this case. Lagrimini eta! (1990) reported that in both

Nicatiana tabacum and Nicotiana sylvestris transgenic plants with peroxidase activity 
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ten-fold than in wild cultivars, have unique phenotypes of chronic wilting through loss of 

turgor in leaves, which was not an effect of diminished water uptake. Thus, 

overproduction of peroxidase is also detrimental. Tobacco anionic peroxidase plays a 

pivotal role in the normal metabolism of IAA, and .thus in the growth of the plant 

(Lagrimini, 1999). Most peroxidases are relatively unspecific for the hydrogen donors, 

which include phenolic substances, cytochrome c, ascorbate, IAA, amines. However, 

they have an almost absolute requirement for peroxide as an oxidant. Their potential role 

in development, besides that of lignification, is indicated by peroxidase activity in the 

oxidation of indole acetic acid, ethylene biosynthesis and hydroxylation of proline, and it 

is claimed to be a participant in wound healing and disease resistance (Butt, 1980). 

As mentioned earlier, POX can also catalyze the formation of 02- and H202 . 

Therefore, it has a double role and can be called as a regulatory enzyme (Chandra et a!, 

2001). Thus, the importance of POX in disease resistance mechanism cannot be 

overemphasized. Being a regulatory enzyme, its levels may fluctuate heavily. Besides, 

presence of isozymes makes it all the more critical. Shivakumar et a/ (2003) analysed 

the changes in levels and isoforms of POX on induction of resistance with Datura mete/ 

extract in case of pearl millet against the biotrophic pathogen Sc/erospora graminicola. 

According to them, susceptible seedlings of the millet failed to show early reaction 

against the pathogen attack and this may be the reason for establishment of the pathogen 

in the host. Native PAGE of peroxidase revealed a new isoform in induced susceptible 

seedlings. Recently, Coego at a/ (2005) have shown that overexpression of cationic 

peroxidase in Arabidopsis mediates resistance in case of necrotrophic pathogens Botrytis 

cinerea and Plectosphaerella cucumerina. 

Pathogen induced biosynthesis of peroxidase in two wild species of Malvaceae, 

Hibiscus trionum and Althea armeniaca was studied by Golubinko eta/ (2007). After 

inoculation with the fungal pathogen Verticil/ium dahliae, peroxidase activity increased 

more rapidly in the resistant plant (H. trionum) than in the susceptible plant (A. 

armeniaca). Increased peroxidase activity was noted within one to five hours after 

inoculation of H. trionum, and decreased after 18 hours. After 5 days, the levels were not 

different from that of the mock inoculated coritrol. In A. armeniaca, peroxidase activity 

was only marginally different from the mock inoculated control, even after 18 hours, but 

it was significantly higher after 5 days. Electrophoretic analysis of inoculated tissue 

extracts showed the· occurrence of two new peroxidase isoforms in H. trionum. A chitin 
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affinity chromatography column showed that one of these was a chitin binding 

peroxidase isozyme; its concentration increased significantly after inoculation. The 

ability of the peroxidase to bind with chitin in the cell wall of the pathogen may facilitate 

its destruction. New isoforms also occurred in A. armeniaca, but they did not bind to 

chitin. The concentration of the two chitin binding peroxidase isozymes in A. armeniaca 

did not increase after inoculation. 

In confirmation to the above views, experiments on mRNA profile analysis of 

different peroxidases by Liu et a/ (2005) demonstrated that induction of a particular 

peroxidase is associated more with susceptibility and not with resistance. In their 

experiment, the expression peaks of the TmPRXJ gene after pathogen attack were 

concomitant with pgt (primary germ tube) penetration at 3 to 6 hpi and agt ( appressorial 

germ tube) penetration at 12 to 24 hpi. Therefore, the expression of peroxidase in 

particular, needs a further verification due to multiple roles of its isoZyn1es. Thus,the 

transient expression of B. graminis f sp.hordei-inducible barley peroxidase gene Prx7, 

but not Prx8, results in increased susceptibility of barley epidermal cells to the powdery 

mildew (Kristensen eta/, 2001). 

Peroxidases oxidize a broad range of substrates by reducing H202 into water, 

although the precise relationship between the peroxidase activity and H202 accumulation 

remains elusive. H202 is an electron-accepting substrate for peroxidase-dependent 

reactions; thus, peroxidases generally are considered to be merely ROS-detoxi:tying 

enzymes. However, on certain occasions, the extracellularly secreted cell-wall-type 

peroxidases actually produce H202 or other radicals (Blee et a/, 2001; Bolwell et a/. 

2002; Kawane 2003). Bolwell et a/ (2002) proposed a three-component system for 

generation of the apoplastic oxidative burst based mostly on studies of the French bean 

peroxidase FBP 1. The components of this system are the peroxidase, alkalinization of the 

apoplastic space, and the reductant. FBP 1 provides the peroxidase activity for H202 

production following alkalinization of the apoplast. Therefore, peroxidase may play 

different roles in defense depending upon the pathosystem and the type of isozyme 

(anionic, cationic, cell wall bound, ionically bound, cytoplasmic) studied. 

Therefore, the role of some peroxidases in plant resistance to phytopathogens has 

thus beeen discussed for many years, but the contribution of each peroxidase in the 

formation of physiological processes that occur in plants during pathogenesis is not well-
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defined (Maksimov and Yarullina, 2007). Thus, the detailed analysis of the role of 

different peroxidase classes in various types of pathosystems is needed. 

An almost ubiquitous feature of plant responses to incompatible pathogens or to 

elicitors is the activation of phenylpropanoid metabolism in which phenylalanine 

ammonia-lyase (PAL; EC 4.3. 1.5) catalyses the first committed step of the core pathway 

of general phenylpropanoid metabolism. Branch pathways lead to the synthesis of 

compounds that have diverse functions in plants, notably in defense, such as cell wall 

· strengthening and repair (e.g. lignin and suberin), antimicrobial activity (e.g. 

furanocoumarin, pterocarpan and isoflavonoid phytoalexins ), and as signalling 

compounds such as salicylic acid (Hammerschmidt, 1999). The resulting phenolics are 

often converted into more reactive species by phenol oxidases and peroxidases (Mayer 

and Harel, 1979; Heath, 1980). PAL genes can be regulated developmentally, induced by 

wounding, by low temperatures, by other stress conditions and by pathogen attack 

(Collinge and Slusarenko, 1987; Wu and Lin, 2002). PAL induction has been linked to 

defence responses that involve phenylpropanoids in numerous diseases. Typically, 

accumulation of PAL activity and mRNA is more rapid, higher and longer lasting in 

incompatible plant-pathogen interactions (Cui et a!, 1996). Inhibitors of PAL decrease 

resistance and associated changes in phenolic synthesis and incorporation into host cell 

walls, as in Mlal resistance of barley to powdery mildew and Eucalyptus calophylla to 

Phytophthora cinnamomi (Cahill and McComb, 1992; Zeyen et al, 1995). Marked 

increases in PAL synthesis and corresponding mRNA occur in response to microbial or 

endogenous elicitors in many plant-pathogen systems (Sharan et a/, 1998). In particular, 

an elicitor derived from yeast induces PAL and the consequent accumulation of 

phytoalexins and other secondary metabolites in numerous plant · species, including 

alfalfa, tobacco, Lupinus a/bus, apple, Solanum khasianum and soybean (Fahrendorf et 

a/, 1995; Miihlenbeck eta/, 1996; Wojtaszek eta/, 1997; Baier eta/, 1999; Borejsza

Wysocki et a/, 1999). 

Constitutive expression of a phenyl alanine ammonia lyase gene from 

Stylosanthes humilis in transgenic tobacco leads to enhanced diseased resistance but 

impaired plant growth. (Way eta/, 2002). This study provides further evidence that PAL 

has a great role to play in plant defense, but the network of defense is closely 

interconnected with growth and development , i. e. hormonal network. 
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. The reactions to pathogen attack culminate is local accumulation of phytoalexins 

and phenolics and deposition of structural polymers such as callose, lignin and suberin, 

as well as cell death at the site of infection (Benhamou, 1995; Benhamou and Nicole, 

1999; Metraux, 2001; Hammond-Kosack and Parker, 2003). These again include 

oxidative enzymes such as peroxidase (POX), whose role has been discussed, and 

polyphenoloxidase (PPO). Other enzymes such as Tyrosine-ammonia lyase (TAL) and 

phenylalanine ammonia lyase (PAL) (Beaudoin-Bagan and Thorpe, 1985; Chakraborty et 

al, 2000; Jebakumar et al, 2001) are involved in phytoalexin or phenolic compound 

biosynthesis. Such enzymes have been correlated with defense against pathogens in 

several plants, including tobacco (Beaudoin-Bagan and Thorpe, 1985; Goy et al, 1992), 

tomato (Bashan et al, 1985), cucumber (Rasmussen, 1991) and rice (Rajappan et al, 

1995) and tea (Chakraborty et al, 2000; Chakraborty et al, 2004a). 

Phenolic compounds are believed to impart resistance to diseases in plants and 

polyphenol oxidase ( catecholase and cresolase) enzyme has been reported to be 

responsible for in vivo synthesis and accumulation of these compounds. Thus, the level 

of polyphenol oxidase (PPO) in the early years of plant growth or in the flush of 

vegetative growth may provide an estimate of synthesis of phenolic compounds in the 

plants, which may in tum be correlated to susceptibility or resistance to floral 

malformation. Higher PPO activity was related to . higher contents of phenolic 

compounds, which have been shown to provide resistance against diseases ( Sharma et 

al, 1994). This group of defence proteins includes oxidative enzymes such as 

polyphenoloxidases (PPO), copper enzymes that catalyse, through the reduction of 

molecular 02, the hydroxylation of monophenols to 0-diphenols ( cresolase activity, 

B.C.1.14.18.1) as well as the oxidation of 0-diphenols to 0-quinones (catecholase 

activity, B.C.1.10.3.2). The generated oxidized phenols contribute to the formation of 

defence barriers against pathogens. Although these proteins have been well investigated 

in herbaceous species, they have rarely been studied in woody plants. Their role in the 

defense mechanism in woody plants was demonstrated in grapevine after infection by 

Botrytis cinerea (Renault et al, 1996). 

However, polyphenoloxidase activity in the soluble fractions of cocoa 

(Theobroma cacao) pods could not be correlated with the susceptibility of the different 

clones to Phytophthora megakarya. The case was different for the ionically-bound PPO. 

In the experiments by Omokolo et al (2003 ), there was appearance of the an ionically 
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bound PPO isozyme in the less susceptible clones. According to Raj et a! (2006), the 

study of the PPO activities in different pearl millet genotypes showed a clear correlation 

between downy mildew disease reaction of pearl millet cultivars and PPO activity. The 

highly resistant and resistant pearl millet cultivars displayed significantly higher PPO 

activities than the susceptible and highly susceptible genotypes. 

In addition to the above mentioned enzymes, various novel proteins known as 

pathogenesis related proteins (PRps) are induced (Van Loon eta/, 1994; Van Loon and 

Strien, 1999; Neuhaus, 1999). Some of these proteins have been identified as f3-1,3.:. 

glucanases (PR-2; EC 3. 2.1.39) and chitinases (PR-3; EC 3.2.1.14) that specifically act 

on the cell wall of the fungi. It has been reported that in some species, following 

infection, resistant genotypes accumulate these enzymes more rapidly than susceptible 

genotypes (Irving and Kuc, 1990; Schnoder et a!, 1992; Tyagi et a/, 2001; Chakraborty, 

2005 ). 

The two most important cell wall degrading enzymes produced as a result of 

interaction of fungus and the plant are chitinase and f3-1,3- glucanase. There has been 

an overwhelming evidence for these two enzymes being the markers of resistance against 

the chitin-containing pathogens. There is compelling evidence that chitinase and f3-1,3-

glucanase, acting alone and particularly in combination, can help to defend against 

fungal infection. It has been proposed that these glucanohydrolases act in at least tWo 

different ways : directly, by degrading the cell wall of the pathogens, and indirectly, by 

promoting the release of cell wall-derived materials that can act as elicitors of defense 

reactions (Boller, 1995; Neuhaus, 1999). Plant f3-1 ,3-glucanase can release 

oligosaccharides from cell walls of the pathogen, which can then act as elicitors 

of defense reactions. This is well-documented for interactions between soybean 

and the f3-glucan elicitor from the pathogenic oomycete Phytophthora megasp~rma f sp. 

glycinea. Following fungal attack, soybean f3-1,3- glucanase releaseas f3-glucan from 

fungal cell walls which can then induce accumulation of phytoalexin glyceollin (Boller, 

1995). Antimicrobial activity of the purified basic chitinase was established by 

Velazhahan et a/ (2000). Antimicrobial proteins have been characterized and their 

association with resistance in tea plants against Exobasidium vexans has been established 

by Chakraborty eta/ (2004a). 
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It is postulated that f3-1,3-glucanases and chitinases participate in the active 

defence response of plants to pathogens, either as direct antimicrobial molecules in the 

break-down of pathogen cell wall (Mauch et al, 1988, Tyagi et al, 2001; Sharma and 

Chakraborty, 2004; Chakraborty, 2005), or indirectly by releasing elicitors from fungal 

cell wall (Boller, 1987, 1988). Chitinases degrade chitin, a homopolymer consisting of 

f3-1,4-N-acetylglucosamine units and which is found in virus capsides, most bacteria and 

fungi (Metraux and Boller, 1986). In vitro growth of a number of fungi can be delayed 

by the addition of glucanase and chitinase in the culture media (Arlorio et al, 1992). 

Cocoa pod inoculation with P. megakarya in experiments conducted by Omokolo et al 

(2003), was characterised by an increase in f3-1,3-glucanase activity in the less 

susceptible clones. These alterations could be correlated to disease tolerance through the 

reinforcement of the lignification of the cell wall. In fact, it is well known that f3-1, 

3-glucanase, in combination with chitinase release oligosa-ccharide, signal molecules 

that can activate a variety of plant defence events (Ryan, 1988; Krishnaveni et al, 1999). 

The activities of f3-1,3- glucanase in both leaf and root tissues of three black 

pepper varieties was determined in healthy and Phytophthora casici infected tissues. 

Infection generally enhanced the activities of the enzyme. SDS-P AGE study revealed 

the production of PR-proteins in the infected tissues. Western blotting with anti-tobacco 

f3-1,3- glucanase antibody confirmed the presence of these isoforms in the leaf exracts. 

Among the three varieties tested, the Phytophthora-tolerant P24 expressed higher rate of 

these defense-related enzymes (Jebakumar et al, 2001). According to Rivera et al 

(2002), f3-1,3- glucanase activity increased more rapidly m resistant cultivars of 

melon upon inoculation with Sphaerotheca fusca than in susceptible cultivars. A single 

band off3-1,3- glucanase polypeptide of33kDa was detected by Western Blot analysis. 

The effect of leaf rust (Puccinia triticina) infection on intercellular chitinase 

activities was studied in resistant [RL6082(Thatcher/Lr35)] and susceptible (Thatcher) 

near isogenic wheat lines at different growth stages by Anguelova-Merhar et al (2002). 

Resistance of plants at the flag leaf stage, during which Lr3 5 gene was maximally 

expressed, exhibited high constitutive levels of chitinase activities, compared to 

susceptible. 

The resistance of cotton ( Gossypium hirsutum L. ) cultivars to crude toxin of 

Verticillium dahliae (VD) was correlated with the activities of f3-1,3-glucanase and 
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chitinase in callus cells by Li eta! (2003). The activities of the two enzymes in the callus 

cells treated with VD toxin were increased to higher level at earlier point iri resistant 

cultivars than in the susceptible cultivars. Exogenous salicylic acid (SA) induced the 

accumulation of chitinase and J3-1,3-glucanase, which resulted in resistance to VD toxin. 

Western blot analysis using Polyclonal Antibodies against J3-l, 3-glucanase identified 

28kD protein that was induced by VD toxin, SA or VD toxin plus SA According to 

Jayaraj et a! (2004), enhanced resistance in wheat against Stagonospora nodorum 

achieved by biotic agents was associated with increased level of J3-1; 3 -glucanase. 

Contrary to the above opinion, Yi and Hwang (1996) found that accumulatio.n 

of J3-1,3-glucanase and chitinase was much more pronounced in compatible soyabean

Phytophthora megasperma F. sp. Glycinea than in the incompatible interaction. Ji and 

Kuc (1997) found that non-host resistance to Colletotrichum lagenarium in pumpkin and 

squash is not primarily associated with J3-1,3-glucanase and chitinase activities. Disease 

symptoms of anthracnose were observed in cucumber, pumpkin and squash after 

infiltrating leaves with a conidial suspension of Colletotrichum lagenarium, but 

symptoms developed only in cucumber, when droplets . of conidial suspension were 

applied to the leaf surface. However, penetration was reduced markedly into pumpkin 

and squash with or without Systemic Acquired Resistance (SAR) and into cucumber 

with SAR. Little J3-1,3-glucanase and chitinase activities were detected in challenged 

pumpkin and squash leaves without symptoms even after 5 days of inoculation on leaf 

surfaces. However, the enzymes were detected in pumpkin and squash leaves with 

symptoms and activities of these enzymes were greater than in cucumber. These results 

suggest that J3-1,3-glucanase and chitinase activities are not primarily initial defense 

compounds associated with non-host resistance to pumpkin and squash to 

C. lagenarium. 

Ham eta! (1997) presented evidence that fungal pathogens secrete proteins that 

can selectively inhibit plant J3-1,3-glucanase. Fungal pathogenesis appears to involve a 

complex interplay between host and pathogen J3-1,3-glucanase. It is now recognized that 

species of higher plants produce abroad range of J3-glucanase differing in primary 

structure, cellular localization and catalytic activity. The available evidence suggests that 

different classes of J3-l ,3 -glucanase have different functions 

interactions. 21.2071 
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Salles et al (2002) worked on induction of [3-1,3-glucanase in Colletotrichum 

trifolii - Medicago sativa pathosystem and concluded that their results do not support the 

hypothesis that glucanase may function in host defense to release elicitors of the 

phytoalexin medicarpin. 

Activities of polygalacturonase and cellulase increased in response to 

Sclerospora graminicola infection in susceptible cultivars of pearlmillet (Peninisetum 

glaucum ), while these activities declined in resistant cultivars. On the other hand, [3-1, 3-

glucanase activity increased · in leaves of both resistant and susceptible cultivars but 

increase in activity was significantly higher in resistant ones (Wadhwa et al, 2001). 

Numerous reports on the same pathosystem ( Nagarathna et al, 1992; Nagarathna et al 

1993; Kini et al, 2000; Shivakumar et al, 2000) indicate that defence enzymes like 

lipoxygenase, phenylalanine ammonia-lyase, [3-1,3- glucanase and ribonuclease recorded 

increased activity in highly resistant seedlings and decrease in enzyme activity in the 

highly susceptible seedlings. Superoxide dismutase ( Babitha et al, 2002; Toptikov eta!, 

2002; Jung et al, 2005) and lipoxygenase (Babitha et al, 2005) are also involved 

positively in resistance. 

Therefore, numerous plant enzymes. are involved in defense reactions against 

plant pathogens and only a few have been discussed in the present review. Disscussion 

of all the defense enzymes is beyond the scope of the present work. It is obvious from the 

above review that the involvement and the possibility of these serving as markers of 

resistance is case-specific and cannot be a generalized phenomenon. Nevertheless, the 

level of these enzymes certainly changes on infection, but due to presence of different 

isoforms and the complexity of biochemical processes, they are often difficult to 

monitor. 

Thus, a word of caution is needed while analyzing the involvement of these 

enzymes in pathogenesis. As observed by Maleck & Dietrich (1999) and Thomma et al 

(2001), later supported by Traw (2003), resistance traits that protect plants from 

biotrophic pathogens are not likely to be effective against necrotrophic pathogens. 

Biotrophs require living cells and can be effectively suppressed through a hypersensitive 

response by the plant, whereby cells near the infection experience rapid death (Sticher 

et al 1997). In contrast, necrotrophs require cell death· to obtain nutrients and may 

actually harness the plant's own hypersensitive response to kill cells. Conversely, PR-1, 

PR-2 and PR-5 are pathogenesis-related proteins that are induced following infection by 
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biotrophic pathogens but not followip.g attack by necrotrophic pathogens (Kunkel & 

Brooks, 2002). Besides, when these PRps are expressed in transgenic plants, they reduce 

only a limited number of diseases, depending on the nature of protein, plant species and 

pathogen involved (Van Loon et al, 2006). 

(B) Inducers or elicitors of defence response 

The use of abiotic inducers or elicitors of defence response instead of the harmful 

fungicides and pesticides that contribute to· biomagnification and bioaccumulation is 

being popularized due to their broad range of protection. Most plant protection methods 

currently applied use toxic chemicals noxious to the environment. Induced resistance 

exploiting natural defense machinery of plants could be proposed as an alternative, non

conventional and ecologically friendly approach for plant protection. Induced resistance 

can be defined as an increased expression of natural defense mechanisms of plants 

against different pathogens provoked by external factors of various types and manifested 

upon subsequent inoculation. Hence, low specificity is an inherent character of induced 

resistance (Edreva, 2004). 

The involvement of cell wall glycoproteins as elicitors has been followed since 

1975 (Albersheim and Anderson-Prouty, 1975; Callow, 1977; Keen and Bruegger, 1977; 

Keen and Legrand, 1980). The fungal elicitor used by Lawton and Lamb (1987) was the 

high-molecular weight fraction released by heat treatment of isolated mycelial cell walls. 

Treatment of suspension-cultured bean (Phaseolus vulgaris L.) cells by this elicitor 

caused marked transient stimulation of transcription of genes encoding apoproteins of 

cell wall hydroxyproline-rich glycoproteins (HRGP) and the phenylpropanoid 

biosynthetic enzymes PAL (phenyl alanine ammonia lyase) and CHS (chalcone 

synthase) concomitant with the onset of rapid accumulation of the respective rnRNAs. 

Induction and transcription of PAL, CHS and HRGP genes was also observed in 

wounded hypocotyls and infected hypocotyls during race-cultivar-specific interaction, 

with the fungus Colletotrichum lindemuthianum, the causal agent of anthracnose. 

Transcriptional activation occured not only in directly infected tissues but also in distant, 

hitherlo uninfected tissue, indicating ·intercellular transmission of an endogenous signal 

for defense gene activation. It is concluded that transcriptional activation of defense 

genes characteristically underlies induction of the corresponding defense responses and 

expression of disease resistance. 
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Elicitors have thus been initially defined as signal molecules which elicit the 

defense mechanism in host plants (Vidyasekharan, 1997). Elicitors of both pathogen and 

host origin are involved in the induction of defense genes and synergistic action of these 

elicitors has also been reported (Tepper and Anderson, 1990) These elicitors are derived 

from complex polymers by the action of enzymes like cellulases (Chang et al, 1995), 

xylanases (Lotan and Fluhr, 1990), {3-1,3- glucanases (Ham eta/, 1991) and chitinases 

(Boller eta/, 1983), which are induced during interaction between pathogen and the host 

as reviewed earlier; and these enzymes may be of pathogen or host origin, or both. Rapid 

increase on these elicitor-releasing ~nzymes may release more amounts of these elicitors, 

which in tum may induce synthesis of more defense chemicals which will confer disease 

resistance (Ham et al, 1991). 

The potential of chitosan, a non-toxic and biodegradable polymer of {3-1,4-

glucosamine, for controlling fusarium crown and root rot of greenhouse-grown tomato 

caused by Fusarium oxysporum fsp. radicis-lycopersici (FORL) was investigated by 

Lafontaine (1996). The amendment of plant growth substratum with chitosan at 

concentrations of 12.5 or 37.5 mg (i significantly reduced plant mortality, root rot 

symptoms and yield loss attributed to FORL. Maximum disease control was achieved 

with chitosan at 37.5 mg r1
, when plant mortality was reduced by more than 90% and 

fruit yield was comparable with that of non-infected plants. In the absence of FORL, 

chitosan did not adversely affect plant growth and fruit yield. Cytological observations 

on root samples from FORL-inoculated plants revealed that the beneficial effect of 

chitosan in reducing disease was associated with increased plant resistance to fungal 

colonization. In chitosan-treated plants, fungal growth was restricted to the epidermis 

and the cortex. Invading hyphae showed marked cellular disorganization, characterized 

by increased vacuolation and even complete loss of the protoplast. The main host 

reactions included the formation of structural barriers at sites of attempted fungal 

penetration, the deposition of an opaque material (probably enriched with phenolics 

according to its electron density) in intercellular spaces and the occlusion of xylem 

vessels with tyloses, polymorphic bubbles and osmiophilic substances. Although 

chitosan may also have antifungal properties, the ultrastructural observations provide 

evidence that chitosan sensitizes tomato plants to respond more rapidly and efficiently to 

FORL attack. Chitosan has the potential to become a useful agent for controlling 

greenhouse diseases caused by soil-borne pathogens. 
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Chitin, a linear polysaccharide composed of (1 ~4)-linked 2-acetamido-2-deoxy

f3 -D-glucopyranose (GlcNAc) residues, and chitosan, the fully or partially N-acetylated, 

water-soluble derivative of chitin composed of {1 ~4)-linked GlcNAc and 2-amino-2-

deoxy-f3-D-glucopyranose (GleN), have been proposed as elicitors of defense reactions in 

higher plants. Vander eta! (1998) tested and compared the ability of purified oligomers 

of GlcNAc (tetramer to decamer) and ofGlcN (pentamer and heptamer) and partially N

acetylated chitosans with different degrees of acetylation to elicit phenylalanine 

ammonia-lyase (PAL) · and peroxidase (POX) activities, lignin deposition, and 

microscopically and macroscopically visible necroses when injected into the intercellular 

spaces ofhealthy, nonwounded wheat (Triticum aestivum L.) leaves. Purified oligomers 

of (1 ~4)-linked GlcNAc with a degree of polymerization 2: 7 strongly elicited POX 

activities but not PAL activities. Partially N-acetylated, polymeric chitosans elicited both 

PAL and POX activities, and maximum elicitation was observed with chitosans of 

intermediate decrees of acetylation. All chitosans but not the chitin oligomers induced the 

deposition of lignin, the appearance of necrotic cells exhibiting yellow autofluorescence 

under ultraviolet light, and macroscopically visible necroses; those with intermediate 

DAs were most active. These results suggest that different mechanisms are involved in 

the elicitation of POX activities by GlcNAc oligomers, and of PAL and POX activities 

by partially N-acetylated chitosan polymers and that both enzymes have to be activated 

for lignin biosynthesis and ensuing necrosis to occur. 

Stomatal opening provides access to inner leaf tissues for many plant pathogens, 

so narrowing stomatal apertures may be advantageous for plant defense. Lee eta! (1999) 

investigated how guard cells respond to elicitors that can be generated from cell walls of 

plants or pathogens during pathogen infection. The effect of oligogalacturonic acid 

(OGA), a degradation product of the plant cell wall, and chitosan (f3-1,4-linked 

glucosamine ), a component of the fungal cell wall, on stomatal movements were 

examined in leaf epidermis of tomato (Lycopersicon esculentum L.) and Commelina 

communis L. These elicitors reduced the size of the stomatal aperture. OGA not only 

inhibited light-induced stomatal opening, but also accelerated stomatal closing in both 

species; chitosan inhibited light-induced stomatal opening in tomato epidermis. The 

effects of OGA and chitosan were suppressed when EGT A, catalase, or ascorbic acid 

was present in the medium, suggesting that Ca2
+ and H202 mediate the elicitor-induced 

decrease of stomatal apertures. They showed that the H20 2 that is involved in this 
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process is produced by guard cells in response to elicitors. Their results suggest that 

guard cells infected by pathogens may close their stomata via a pathway involving H202 

production, thus interfering with the continuous invasion of pathogens through the 

stomatal pores. 

Recognized PAMPs ( Pathogen-Associated Molecular Patterns) that trigger 

innate immune responses in plants include bacterial lipopolysaccharide (LPS), 

lipoproteins and flagellin, in addition to fungal cell wall-derived carbohydrates and 

proteins (Medzhitov and Janeway, 1997; Aderem and Ulevitch, 2000; Imler and 

Hoffinann, 2001; Underhill and Ozinsky, 2002). Plants also possess non-self recognition 

systems (receptors) for numerous microbe-derived molecules which mediate activation 

of plant defense responses in a non-cultivar-specific manner and have been described as 

'general eicitors Heath, 2000; Cohn et al, 2001; Dang! and Jones, 2001). These include

heptaglucan structures from oomycete cell walls, fungal cell wall chitin fragments and an 

N-terminal fragment of bacterial flagellin, flg22 (Felix et al, 1999; Nurnberger and 

Scheel, 2001) .. Thus, several glycosidic components from the cell wall of plant 

pathogenic fungi have been implicated in inducing plant defense response in many host

pathogen systems. Chitin oligomers (oligichitin, N-acetylchito-oligosaccharides), which 

can be generated from fungal cell walls by endochitinase, induce defense-related cellular 

responses in many plants (Nurnberger, 1999 ; Tsai et al, 2002). Chitin oligomers have 

been shown to induce various defense-related responses in tomato (Baureither et al, 

1994), wheat (Barber et al, 1989), melon (Roby et al, 1987), barley (Kak:u et al, 1997), 

pepper (Ahmed et al, 2003) and mango (Vivekanandhan et al, 2004). Typical defense

related genes such as PAL and chitinase are induced on treatment with purified chitin 

fragments (Minami et al, 1996). When applied to seeds of pearl millet in greenhouse 

experiments, chitin oligomers alone induce 64% protection against downy mildew 

pathogen, Sclerospora graminicola (Geetha et al, 2004). Thus, the chitin oligomers act 

as immuno-modulators. 

Results of Nita-Lazar et al (2004) indicate that a disaccharide fraction isolated 

from Fusarium oxysporum L., promotes rapid and transient phenylalanine ammonia 

lyase activity in Rubus jructicosus cells at nanomolar concentration. The disaccharides 

were isolated by size-exclusion chromatography directly from extracts obtained by 

alkaline treatment of F. oxysporum mycelium. Their structure was determined by 500-

MHz-1H-NMR spectroscopy combined with methylation analysis and fast atom 
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bombardment mass spectrometry. Wolski eta/ (2005) isolated and characterized a cell 

wall a-glucan from binucleate Rhizoctonia isolate, an effective biocontrol factor, which 

induces P-1 ,3 glucanase activities in potato sprouts, the primary site of infection by R. 

so/ani. According to Burkhanova eta/ (2007), treatment of susceptible wheat plants with 

the low-molecular weight water -soluble derivatives of chitin prevented pathogen

induced drop in cytokinin level, thus stimulating resistance response, which are 

characteristic of resistant plants. 

However, it is physically difficult to use cell wall fragments or other glucans for 

field application. The cost of production and also the specificity of the fragments to the 

fungus from which it is produced may limit its applicability potentials. Therefore, 

potentiality of other abiotic inducers are being realized. ROS (reactive Oxygen Species), 

as defined earlier, are the radicals produced due to stress response of the plants. There 

are two candidate signal molecules among the ROS involved during HR (Hypersensitive 

Reaction) and PCD (programmed Cell Death). These are hydrogen peroxide (H20 2) and 

NO (Nitric Oxide). ROSas mentioned earlier are known to play a dual role depending on 

their accumulation levels. The levels of ROS need to be tightly regulated to avoid cell 

damage (Neill et al2002a ; Kotchoni, 2004; Mittler et a/2004). 

H202 is moderately reactive and is a relatively long-lived molecule (half-life of 1 

ms) that can diffuse some distances from its production site. H20 2 may inactivate 

enzymes by oxidizing their thiol groups. For exaniple, enzymes of the Calvin cycle, 

copper/zinc superoxide dismutase and iron superoxide dismutase are inactivated by H20 2 

(Charles and Halliwell, 1980; Bowler et al., 1994). The most reactive of all AOS is the 

hydroxyl radical that is formed from H202 by the so-called Haber-Weiss or Fenton 

reactions by using metal catalysts (Halliwell and Gutteridge, 1989). Hydrogen peroxide 

thus when produced might conceivably add to and reinforce ROS already produced 

during the oxidative burst after an infection and trigger an array of local defense 

responses. (Baker and Orlandi, 1995; Tenhaken eta/, 1995; Dang! eta!, 1996). Mellersh 

et a/ (2002) demonstrated that localized generation of H202 is one of the earliest 

cytologically detectable defense responses to penetration of plant cell walls by various 

fungal pathogens. On the other hand, transgenic plants expressing H20 2 -generating 

enzymes have been reported to display increased protection against bacterial and fungal 

pathogens (Wu eta!, 1995; Schwezer eta!, 1999). Different members of gene families 

involved in the protective mechanism against pathogen attacks were up-regulated in 
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plants under exogenous application of ROS (H20 2 ) (Rizhsky eta/, 2004). Exogenous 

application of H202 was found to be essential to activate different pathogenesis-related 

proteins and to provide adequate protection against plant pathogenic fungus Diplocarpon 

rosae causing black spot disease of rose leaves (Kotchoni and Gachomo, 2006). The 

knock-out (KO) plants deficient in ROS-scavenging proteins maintain a high steady 

state level of HzOz in cells and activate ROS defence mechanisms when grown under 

control conditions (Pnueili eta/, 2003 ; Rizhsky eta/, 2004; Davletova eta/, 2005) . 

Therefore, a well-established role for H20 2 is as a signal molecule during the HR. 

(Lamb and Dixon, 1997, Mittler eta/, 1999; Grant and Loake, 2000) and PCD (Bethke 

and Jones, 2001; Fath et al, 2002). Infiltration of tobacco leaves with HzOz activated 

benzoic acid 2-hydroxylase, an enzyme forming SA from bf\nzoic acid, resulting in 

subsequent SA accumulation (Leon et a/, 1995). H20 2 generated following pathogen 

challenge mediates cross-linking of cell wall proteins (Bradley et a/, 1992) and plant cell 

wall-bound phenolics (Grant and Loake, 2000), and, although this is still somewhat 

controversial, may also have microbicidal function (Peng and Kuc, 1992, Wu et a/, 

1995). Lu and Higgins (1999) had studied tomato- Cladosporiumfulvum and suggested 

that the amount of HzOz accumulating during an elicitor-induced response in leaves may 

be sufficient to affect fungal colonization but not to affect viability of host cells unless 

the Fe2
+ status in the apoplast is in some way altered by the elicitor to facilitate Off' 

production via the Fenton reaction (Haber-Weiss reaction). 

Studies using transgenic catalase/ peroxidase-deficient tobacco (i.e. in which 

endogenous HzOz will not be readily catabolized) showed that such plants were 

hyperresponsive to pathogen challenge, thus providing direct evidence for a role for H20 2 

in HR. cell death (Mittler et a/, 1999). Hz02 can induce the expression of genes 

potentially involved in its synthesis, such as NADPH oxidase (Desikan et a/, 1998b ), and 

also of those encoding proteins involved in its degradation, implying a complex 

mechanism for cellular regulation of oxidative status. H20 2 induced the expression of 

genes encoding ascorbate peroxidase in germinating rice embryos (Morita et a/, 1999) 

and in Arabidopsis leaves (Karpinski et a/, 1999), and wounding induced the expression 

of gene encoding a catalase via H202 in embryos and leaves of maize (Guan and 

Scandalios, 2000). 

Hydrogen peroxide generated in tomato as a result of interaction with tomato 

anthracnose fungus (Colletotrichum coccodes) was necessary and sufficient to account 
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for fungal penetration failure (Mellersh et al, 2002). In tobacco, moderate doses ofH202 

enhanced the antioxidant status and induced stress tolerance, while higher concentrations 

caused oxidative stress and symptoms resembling a hypersensitive response (Gechev et 

al, 2002). 

Tolerance against oxidative stress generated by high light intensities or the 

catalase inhibitor aminotriazole, was induced in intact tobacco plants by spraying them 

with H202 by Gechev et al (2002). Stress tolerance was indicated by higher activity of · 

catalase, ascorbate peroxidase, glutathione peroxidase and guaiacol peroxidase. 

Moderate dozes of H202 enhanced the antioxidant status and induced stress tolerance. 

High~r concentration caused symptoms, resembling HR. (Hypersensitive Reaction). Stress 

resistance was monitored by measuring levels of malondialdehyde, an indicator of lipid 

peroxidation. Thus, activation of plant antioxidant system by H202 plays an important 

role. in induced tolerance against oxidative stress. Similarly, a rapid and transient 

generation of H20 2 increased grapevine defense responses required for protection against 

Botrytis cinerea (Aziz et al, 2004). 

Lignification is well known to contribute to resistance by increasing the 
-

resistance of cell walls to enzYmes and setting up impermeable barriers. In interaction 

ROS (mostly H20 2) seems to play a critical role in limiting colonization by the pathogen 

either affecting it directly or playing a significant role (Borden and Higgins, 2002). 

Precursors, such as coniferyl alcohols, free radicals (especially H202), and peroxidase, 

form lignin by the process of polymerization (Strange, 2003). 

According to Shetty (2002), activation of proton ATPase acts as a first line of 

defense along with activation of NADPH oxidase, as a result this phenomenon of 

oxidative burst occurs, which acts as a central component of integrated signaling system. 

H20 2, a component of oxidative burst, acts as an initiator molecule for subsequent 

defense responses including oxidative cross-linking and activation of peroxidases. 

Hydrogen peroxide has shown 59% protection against downy mildew of pearl millet 

(Geetha and Shetty, 2002). Seed treatment with H202 enhanced seed germination and 

vigour index to the maximum level as compared to the other two inducers used in the 

study. Besides, it was more efficient in inducing the vegetative growth significantly. 

According to Whang et al (2004), infiltration of whole unripe avocado (Persea 

americana) fruits with H20 2 one day before inoculation with Colletotrichum 

gloeosporioides, induced higher levels of AFD- a major antifungal compound - cis,cis-
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1-acetox.y-2-hydrox.y-4-oxo-heneicosa-12, 15-diene and thereby increased resistance of 

Avocado fruits to the fruit rot fungus. They have proposed a model, according to which 

the quiescence of C.gloeosporioides, in unripe avocado is induced by the production of 

ROS (Reactive Oxygen Species) by both pathogen and the host. During this process 

ROS would directly induce fatty acid· precursors of AFD, higher AFD levels and 

inhibition of fungal development. This model is supported by their findings that 

ethylene, cold stress and fungal inoculation, which induce AFD synthesis in avocado, 

were shown to stimulate production of H202 in other systems. Thus, this H202 is a signal 

molecule with a central role in the induction of resistance. 

The short H202 pulse sufficient to induce PCD in leaves had a lipoxygenase

dependent oxylipin signature similar to that induced by a pathogenic elicitor 

(cryptogein). In contrast, the continuous H20 2 accumulation generated by long-term high 

light exposure or H20 2 feeding led to necrosis and ROS-mediated lipid peroxidation 

(Montillet et al, 2005). 

On the contrary, Escerohilum turcicum is a necrophilic pathogen of wheat 

surviving in tissues with raised levels of H202 and localized cell death. Unlike other 
.. 

pathogens, this fungus germinates and survives in high H202 concentrations (Keissar et 

al, 2002). In another necrotrophic interaction, red light induced resistance in broad leaves 

to Botrytis cinerea was significantly inhibited by exogenous application of H20 2 

(Khanam et al, 2005). Thus H20 2 plays a dual role and is a likely candidate as a signal 

and/or regulatory molecule in signal transduction system occurring during host-pathogen 

interaction. 

NO (Nitric Oxide) has been demonstrated to be a signal in plant defense 

responses (Bolwell, 1999; Dumer and Klessig, 1999; Hausladen and Stamler, 1998; 

Klessig et al, 2000; Wendehenne et al, 2001). NO burst has been observed in 

Arabidopsis, tobacco and soybean plant tissues, suspension-cultured cells treated with 

avirulent bacterial pathogens or elicitors, and apoptosis of plant cells (Delledonne et al, 

1998; Clarke et al, 2000 .; Foissner et al, 2000; Pedroso et al, 2000). Also, NO may be 

involved in the initiation of programmed cell death, activation of pathogenesis-related 

(PR) gene expression, and production of phytoalexins (Noritake et al, 1996; Huang and 

Knopp, 1998; Delledonne et al, 1998; Dumer et al, 1998; Clarke et al, 2000·1). In 

tobacco, NO was found to activate a MAP kinase cascade and to inhibit catalase, 

ascorbate peroxidase, and aconitase (Clark et al, 2000 ;; Kumar and Klessig, 2000; 
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Navarre et al, 2000). NO and its exchangeable redox-activated forms are now 

recognized as intra- and intercellular signaling molecules (Dumer et al, 1998; Hausladen 

and Stamler, 1998; Bolwell, 1999; Dumer and Klessig, 1999; Klessig et al, 2000; 

Wendehenne et al, 2001; Mur et al, 2005; Mur et al, 2006). 

Nitric oxide, according to Romero-Puertas et al (2004), is a free radical that can 

either gain or lose an electron to energetically more favourable structure, namely, the 

nitrosonium cation (NOl and the nitroxyl radical (NO} Because of its unique 

chemistry, which permits both its stability and reactivity. The free radical of NO has a 

half-life of few seconds and rapidly reacts with 02 to form nitrogen dioxide (N02) that 

degrades to nitrite and nitrate in aqueous solution (Neill et al, 2003). However, this 

gaseous free radical rapidly diffuses across biological membranes and can play a part in 

cell-to-cell signaling in brief periods of time (Belingi and Lamattina , 2001). In addition, 

NO can react with free radical superoxide (02-) to form the reactive molecule 

peroxynitrite (ONOO-). Moreover, NO also reacts rapidly with proteins, especially 

reactive amino acids such as cystein and tyrosine, as well as with various receptors and 

transcription factors (Stalmer et al, 2001). The emission ofNO from plants occurs under 

stress situations as well as under normal growth conditions and is linked to the 

accumulation ofN02 (Klepper, 1990). Based on these observations, Romero- Puertas et 

al (2004) hypothesized that ONOO- is continuously formed in healthy cells. 

Consequently, plant cells may have developed specific mechanisms to overcome the 

toxicity of ONOO-, and may have adopted different, still unknown, NO/ROS signals for 

triggering cell death during the HR. 

However, NO cannot be applied directly and NO donor should be used, that has 

been excellently reviewed by Yamamoto and Bing (2000). The elevated NO 

concentration in tomato leaves strongly decreased H20 2, which coincided with quick and 

severe infection development in NO-supplied leaves. This speaks for the direct NO-Hi02 

interaction (Malolepza and Rozalska, 2005). Studies on Colletotrichum coccodes -

tomato interaction by Wang and Higgins (2005, 2006) support this view.Thus, NO

mediated resistance and its effect on various defence-related enzymes needs further 

investigation, since direct induction of SAR by these signal molecules, is still lacking. 

Systemic acquired resistance acts non-specifically throughout the plants and 

reduces severity of disease caused by all classes of pathogen and it is certainly produced 

following expression of hypersensitive response (HR). As excellently reviewed by 
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Hammerschmidt (1999 .), localized treatment of plants with certain biotic or abiotic 

chemicals can result in LAR (Local Acquired Resistance) or SAR (Systemic Acquired 

Resistance in the treated plants to the subsequent pathogen attack. Further, SAR can be 

induced by exogenous application of Salicylic Acid (SA) or a benzothiazole derivative 

known as BTH. Systemic acquired resistance is a broad-spectrum resistance that can be 

induced in plants following a localized infection with a necrotizing pathogen or treatment 

with chemical elicitors. SAR development is mediated by a mobile signal that originates 

at a primary infection or treatment site and is thought to be translocated systemically in 

the phloem (Reglinsky eta!, 2001). 

The small phenolic compound salicylic acid (SA) plays a central role in disease 

resistance in higher plants. Its synthesis is induced in response to many types of 

pathogens (Ryals et a!, 1996). SA is both necessary and sufficient for general resistance 

to many pathogens. Plants carrying a nahG transgene whose product catabolizes SA or 

plants harboring a mutation in the SA biosynthetic pathway or signaling are more 

susceptible to many pathogens (Gaffuey eta!, 1993; Delaney eta!, 1994; Wildermuth et 

a!, 2001). Conversely, plants engineered to produce high SA levels constitutively and 

plants treated exogenously with SA or an SA agonist such as benzothiazole (BTH) have 

enhanced disease resistance (Friedrich et a!, 1996; Verbeme et a!, 2000). SA plays 

multiple roles in the regulation of plant defenses. It is required for the induction ofbroad

spectrum disease resistance in the systemic tissue of plants previously infected with 

anecrotizing pathogen (a phenomenon termed systemic acquired resistance) (Gaffuey 

eta!, 1993). Some plants also require SA to mount a strong resistance response during so 

called gene-for gene resistance. In this response, plants have a resistance (R) gene allele 

that confers the ability to recognize specific pathogen proteins encoded by avr genes 

(Staskawicz, 2001). In some R-avr- mediated interactions, SA is required for the 

R gene- dependent host programmed cell death (called the hypersensitive response [HR]) 

·and/or for disease resistance (Delaney eta!, 1994; Brading eta!, 2000; McDowell et al, 

2000; Rate and Greenberg, 2001; Rairdan and Delaney, 2002). However, SA on its own 

is not sufficient to activate an HR and some defenses when produced at high levels in 

plants, suggesting that SA acts as a coactivator with another signal(s) to induce these 

responses (Rate et a!, 1999). One such coactivator appears to be light, because the light 

receptors called phytochromes are important for some SA responses (Genoud et a!, 

2002). The molecular basis of SA perception remains unclear, although several SA 
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binding proteins have been identified (Chen et al, 1993; Klessig et al, 2000; Slaymaker 

et al, 2002). JA and SA induce accumulation of SAR- associated priteins in wheat 

(Jayaraj et al, 2004). SA induced resistance against E. vexans has been reported by 

Sharma and Chakraborty (2005). Thus, till date, the importance of SA is considered to 

be immense (Vasyukova and Ozeretskovskaya, 2006; Maksimov and Yarullina, 2007). 

Benzo(1,2,3)thiadiazole-7-carboxylic acid derivatives (6TH '"' lniy) , have 

been developed as a novel class of crop protecting agents which do not themselves have 

antimicrobial properties; but instead increase crop resistance to disease by activating 

SAR signal transduction pathway (Lawton et al, 1996; Cole, 1999; Godar et al, 1999; 

Anfoka, 2000; Lopez and Lucas, 2002).Tiedeman et al (1997) raised cowpea seedlings 

from seeds treated with BTH and then inoculated with Colletotrichum destructivum. 

Tissue penetration was reduced markedly and intracellular infection vescicles were 

invariably restricted to the initially-infected epidermal cells of treated hypocotyls and 

leaves. The destructive necrotrophic phase of disease development was effectively 

blocked by HR. The enhanced resistance of BTH-treated tissues was associated with 

rapid transient increases m the activities of two key enzymes of the 

phenylpropanoid/flavonoid pathway, PAL and CHI (chalcone isomerase). Microscopic 

examination of cleared and stained inoculated leaves and hypocotyls revealed no 

differences in pre-penetration development of the pathogen on the surfaces of tissues in 

the control and treated categories. Conidial germination, appressorium formation and the 

melanization of appressoria occurred at comparable frequencies in both the cases. In 

control seedlings, host cuticle was· penetrated directly by 36h after inoculation and fungal 

development progressed rapidly through the formation of large infection vesicls, 

development of narrow, secondary hyhae and finally acervuli by 120hpi. In BTH-treated 

seedling, fungal development was restricted. Where penetration occurred, smaller 

multilobed vesicles were formed but secondary invasive hyphae did not develop. Instead, 

pathogen remained confined to the first penetrated cell. The extractable activities of PAL 

and CHI underwent approx. 4-fold increase in BTH-treated seedlings. These transient 

patterns of increased activity were followed by marked decreases in activity, with PAL 

showing a more pronounced decline. 

BTH, the salicylate mimic, strongly induces PR-protein accumulation and SAR 

in tobacco (Fidantsev et a!, 1999). Maximum protection of pearl millet from downy 

mildew (78%) has been achieved by Geetha et al (2002) with BTH as compared to the 
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other two inducers (hydrogen peroxide and calcium chloride). On the other hand, 76.3% 

protection was achieved with BTH against bacterial canker of tomato (Baysal et a!, 

2003). BTH and INA are by far, the best studied chemical elicitors available (Vallad and 

Goodman, 2004) and found efficient in numerous crops. Both are considered functional 

analogs of SA, and elicit systemic form of induced resistance across a broad range of 

plant-pathogen interactions. 

Treatment of mustard [Brassica juncea (L.) Czem. & Coss.] cv. Varona with 

benzothiadiazole (BTH) induced changes in the qualitative profile of total soluble 

phenols and acid soluble extra cellular proteins. There was temporal increase in the level 

of total soluble phenolics after BTH treatment and maximum content was observed 72 h 

after treatment. Thin layer chromatography of an aqueous methanol extract of BTH 

treated leaves of mustard revealed presence of new phenolic compounds which were not 

present in control. Twelve acid soluble proteins with apparent molecular masses ranging 

from 13.2 - 69.5 kDa accumulated in BTH treated leaves of mustard plants. Proteins 

P13.8, P33.7 and P34.5 were present in traces in control. The most prominent proteins 24 

h after BTH treatment were with apparent molecular mass of 33.0 and 33.7 kDa 

indicating towards their early induction, whereas, P33.0 was the most prominent protein 

48 h after treatment with BTH. It is suggested that changes in specific phenols and 

proteins as a result of BTH treatment might be the useful markers of induced resistance 

in mustard (Guleria and Kumar, 2006).Hypocotyls from susceptible and resistant BTH

treated sunflower seedlings showed increased peroxidase and chitinase activities. 

Inoculation with Plasmopara halstedii increased chitinase and peroxidase activities in 

inoculated hypocotyls from susceptible but not from resistant sunflower seedlings 

(Serrano, 2007). 

The ~qility of benzothiadiazole (BTH) or methyl jasmonate (MeJA) to induce 

disease resistance in harvested banana fruits was investigated in relation to the activities 

of several defense-related enzymes by Zhu and Baocheng (2007). Harvested banana fruit 

were sprayed with BTH or MeJA solution before being stored at 22°C. Disease 

development and the activities of six defense-related enzymes were monitored during 

storage. Compared with untreated fruits, BTH or MeJA treatment significantly reduced 

the severity of disease in non-inoculated bananas, and lesion diameters and the incidence 

of disease in bananas inoculated with Colletotrichum musae. The activities of the 

defense-related enzymes peroxidase (POX), catalase (CAT), polyphenol oxidase (PPO), 
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phenylalanine ammonia lyase (PAL), .13-1,3 -glucanase, and chitinase were all enhanced in 

BTH- and in MeJA-treated banana fruit whether inoculated with the pathogen or not. The 

results suggest that post-harvest decay in bananas can be controlled by BTH or MeJA, 

and involves activation of the disease defense system. In non-inoculated bananas, MeJA 

and BTH had similar effects on the three defense enzymes (CAT, PPO and PAL), but 

different .effects on the three PR proteins (POX, .13-1,3-glucanase and chitinase). In 

inoculated bananas, MeJA and BTH had similar effects on all six enzyme. 

Therefore, the number of SAR-inducing compounds is increasing by the day. As 

reported by Shetty (2002), a few resistance-inducing compounds were tested for their 

efficacy in inducing resistance in pearl millet. Of the various chemical compounds tested 

i.e. salicylic acid, acetyl salicylic acid, amino butyric acid, benzothiadiaazole, calcium 

chloride, hydrogen peroxide, sodium triphosphate, methionine, polyacrylic acid, 

jasmonic acid, iso nicotinic acid showed promising results in inducing resistance and 

giving a range of protection from 54-73%. In order to build up resistance, a minimum 

time gap of 2-4 days was required between inducer treatment and challenge inoculation. 

Seed treatment with inducers not only protected pearl millet from downy mildew 

pathogen, but also enhanced vegetative and reproductive growth parameters . 

According to Zhao et a/ (2005), the stress stimulus can act as a kind of elicitor, 

which can efficiently induce the resistance of cucumber against fungal pathogen. After 

the treatment of the stress stimulus on leaves, the activities of resistance-related enzymes 

were increased significantly. Such as phenylamine ammonia lyase (PAL), peroxidase 

(POX) and polyphenoloxidase (PPO), which are strongly associated with the plant 

disease resistance. Also the expression of pathogenesis-related protein (PR protein) ~ere 

activated by stress stimulus, with the results that the activities of chitinase and .13-1,3-

glucanase were increased obviously. The data showed that one of the mechanisms of 

stress stimulus - induction plant resistance, may act via eliciting the metabolism related 

to disease resistance within plant, which can produce many suppressing and 

antimicrobial compounds to against pathogens infection efficiently. 

Thus, the signal compounds that give rise to broad range protection, should now 

be used as inducers of resistance. The potential of induced resistance is immense and all 

attempts are being made to exploit it in agriculture (Lyon et a!, 2007). Its importance 

needs to be realized in woody plants, especially in an important cash crop like tea. 
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3.1 Plant Material 

3.1.1. Source 

Eighteen tea. varieties were obtained from Tea Germplasm Bank, Department of 

Botany, University of North Bengal, for experimental purpose. Tea plants used were the 

varieties released by Tocklai Experimental Station of TRA (Tea Research Association), 

Jorhat, Assam; Drujeeling Tea Research Center (DTRC), TRA, Kurseong, West Bengal 

and United Planters' Association of South India (UP ASI) Tea Research Station, 

Valparai, Tamilnadti. In total, seven Tocklai varieties, six UPASI and five Daljeeling 

varieties (Table 1) were chosen for the present study. 

Table 1. Tea varieties selected from Tea Germplasm Bank for the present study 

Source 

Tocklai 

DTRC 

UPASI 

3.1.2. Clonal Propagation. 

Varieties 

TV-18, TV-22, TV-25, TV-26, TV-29, TV-30, T-17/1/54 

CP- 1/1, BS/7A/76, P-312, AV-2, TS-449 

UP-2, UP-3, UP-9, UP- 26, BSS-2, BSS-3 

All the eighteen selected tea varieties, as mentioned above, were propagated by· 

cuttings made from shoots ofthe mother bush. The standard form of tea cutting is a piece 

of stem 2.5 em to 3.5 em long, with a good mature leaf 

Sandy soil (sand 75% and soil 25% with pH ranging from 4.5 to 4.8) was used 

for clonal propagation. Soil pH was adjusted to 4.8- 4.9 by treating with 2% aluminium 

sulphate solution. It was followed by two waterings to remove excess aluminium 

sulphate. The treated soil was heated to 60°C - 80° C on a metal sheet with fire below to 

kill eelworms, if any, present in the soil. Polythene sleeves (6"x 9") were filled up with 

the prepared soil and stacked in rows in a bed and watered thoroughly. All cuttings were 
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Plate 2 (A-G) : Propagation of tea by cuttings. 
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allowed for rooting in sleeves after dipping them in a rooting hormone (Ceradex) .. These 

cuttings were kept in a polythene cloche and watered every 3rd or 4th day, until new 

leaves appeared (Plate 2, figs. A-G). All beds with polythene cloche were arranged in 2 

rows and maintained under a green agronet in the nursery of Department of Botany, 

University ofNorth Bengal. 

3.1.3. Maintenance of tea saplings in nursery 

After the new shoots reached a height of 6" or more, the polythene cloche was 

removed from every bed, and the sleeves were treated with nursery mixture as suggested 

by Ranganathan and Natesan (1987). Composition of the nursery mixture- ammonium 

sulphate - 8 parts by weight, ammonium phosphate-sulphate (16 : 20) - 35 parts by 

weight, potassium sulphate - 15 parts by weight, magnesium sulphate - 15 parts by 

weight, and zinc sulphate - 3 parts by weight. The mixture was dissolved @ 30g in 1 L 

of water and applied @ 50ml planf1
. The manuring was done after rooting and continued 

up to 12 months once only in 15 days. Saplings (4 to 6 months old) were shifted from 

under the agronet to direct sunlight for hardening. 

3.1.4. Plantation 

Eighteeen months old hardened saplings were used for planting in the field. 

Saplings were planted in pits (1.5' x 1.5' x 1.5') which were dug at a spacing of 2' 

between plants and 3.5' between rows. For experimental purposes, tea plants of the 

selected varieties were also grown in earthen pots. These were then maintained in glass 

house under controlled conditions of 30 ± 5°C, relative humidity 60-80% and 16h 

photoperiod (Plate 3). 

3.1.5. Maintenance of mature plants 

The mature plants were maintained in the field by applying a soluble mixture ofN, P, K 

consisting of 10 kg Urea - 46% N, 20 kg ammonium phosphate - 11% P20 5, 8kg muriate 

of potash - 60% K20 in the soil. Miraculan (n-triacontanol) was sprayed at regular 

intervals @ O.Sml I L of water for good growth of bush. Tipping was done to promote 

lateral branching in young plants (3 years), but in case of mature plants 2-year deep 

pruning cycle was maintained. 



Plate 3: Two year old hardened tea saplings of different varieties grown in 
earthen pots are being maintained in glasshouse condition. 
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3.2. Fungal material 

3.2.1. Collection 
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Glomerella cingulata (Stoneman) Spauld and Schrenk was isolated from naturally 

infected tea plants (TV -22) in Phytopathological Experimental Garden and subsequently 

was identified (W7659) from the Diagnostic and Advisory Service, CABI Bioscience 

UK Center and this isolate was considered as GC-1. Two more isolates (GC-2 and CG-

3) obtained from the naturally infected tea plants TS-449 and TV-26 respectively, were 

· identified by comparing with the reference isolate. 

3.2.2 Completion of Koch's postulates' 

Fresh, young tea leaves were collected from Phytopathological Experimental Garden 

and inoculated with conidial suspension of G.cingulata following detached leaf 

inoculation technique. After 96 hours of inoculation, the infected tea leaves were washed 

thoroughly, cut into small pieces, disinfected with 0.1% HgCh solution for 3-5 minutes, 

washed several times with sterile distilled water and transferred aseptically into 

Richard's medium Agar (RMA) slants. These isolates were examined after 15 days of 

inoculation at regular intervals to test their pathogenicity. 

3.2.3. Maintenance of stock culture 

The fungus thus obtained was subcultured on Oat Meal Agar (OMA), Richard's 

Medium Agar (RMA) and Potato Dextrose Agar (PDA) slants. After 2 weeks the culture 

was stored under 3 different conditions (5°C, 20°C and at 25±2°C). Apart from weekly 

transfer for experimental work, isolates of G. cingulata (GC-1, GC-2 and GC-3) were 

also examined at regular intervals to test their pathogenicity. 

3.2.4. Assessment of mycelial growth 

3.2.4.1. Solid media 

To assess mycelial growth of G.cingulata in solid media, the fungus was first grown 

in Petri dishes (90 mm diameter), each containing 20ml of RMA and incubated for 7 

days at 30°C. Agar block ( 4mm diameter), containing the mycelia was cut with a sterile 

cork borer from the advancing zone of mycelial mat and transferred to each Petri dish 

containing 20ml of sterilized solid media. All Petri dishes were incubated at 25°±2°C for 

6 - 10 days. The colony growth was assessed at 1 day interval by measuring colony 
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diameter using a ruler on the reverse side of the Petri plate held against light source. The 

colony morphology was recorded. Following solid media were used: 

Potato Dextrose Agar (PDA) 

Peeled Potato 40.00g 
Dextrose 2.00g 
Agar 2.00g 
Distilled water IOOml 

Richard's Medium Agar (RMA) 

KN03 l.OOg 
KH2P04 0.50g 
MgS04.1H20 0.2Sg 
FeCh 0.002g 
Sucrose 3.00g 
Agar 2.00g 
Distilled water IOOml 

Oat Meal Agar (OMA). 

Oat meal 3.00g 

Agar 2.00g 

Distilled water IOOml 

3.2.4.2. Liquid media 

To assess the mycelial growth of G. cingulata in liquid medium, the fungus was first 

allowed to grow in Petri dishes containing 20 ml of RMA incubated at 25°±2°C for 7 

days. From the advancing zone, the mycelial block (6mm diameter) was cut with a 

sterilized cork borer and transferred to each Ehrlenmeyer flask (250ml) containing 50ml 

of sterilized Richards's medium for 20 days at 30°C. At regular intervals of 4 days, fresh 

and dry weight of mycelium was assessed. The mycelia were strained through muslin 

cloth, collected in aluminium foil of known weight and weighed for fresh weight after 

drying at 60°C for 96h. 

3.2.5. Assessment of sporulation in solid media 

Sporulation ability of each isolate was determined m 14 day-old cultures by 

removing the agar plugs (0.05 em diameter) from three linear spots across the center of a 

colony, suspending these in I Oml sterile distilled water in a glass test tube, and agitating 
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twice for about 20 sec each time, on a vortex mixer to dislodge the conidia. The number 

of conidia in the resultant suspension was determined, using a haemocytometer, and 

expressed as number of conidia em -2 of medium. 

3.3. Scanning Electron Microscopy (SEM) 

3.3.1. Pathogen (fungal spore) 

Spores were lifted from the sporulating culture in Petri plate with a brush and pre

fixed as suggested by Shetty et a/ (2003). In brief, the spores were smeared on glass 

surface, fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 6.8 in vacuum. 

After 24h, they were washed in buffer and dehydrated in graded series of acetone, dried 

in a Critical Point Dryer (CPD) and mounted with silver paint on specimen stubs. These 

were then coated with gold at 15-20mA current and vacuum in the range of 10-1 Torr 

using an indigenous Sputter Coater for 5-6 times for lmin. each. The samples were then 

examined in a scanning electron microscope (Model JSM-5200, JEOL, Tokyo, Japan) in 

vacuum range of 10-5-10-6 Torr in secondary electron mode at an accelerating voltage of 

20kV. Photographs were taken using black and white Nova film (135mm). 

3.3.2. Host (leaf tissue) 

Healthy and infected tea leaves were trimmed to the appropriate size so as to 

accommodate them on the stub and treated similar to the procedure described for spore. 

They were fixed, dehydrated and dried in CPD prior to mounting on specimen stubs. 

Gold coating and observation procedures were also done as mentioned earlier for the 

spore. 

3.4. Leaf clearing and staining 

In order to visualize infection process on the leaf surface, samples of leaves, at 

appropriate time interval, were cleared for a minimum of 24 h in a 1 : 1 solution of glacial 

acetic acid and 95% ethanol (Muchovej and Couch, 1987). The leaf samples were then 

stained with 0.25% aniline blue in lactophenol. Leaf tissue was then examined with 

Leica Leitz Biomed microscope. Photographs were taken by Leica Wild MPS 48 camera 

on Kodak 100 ISO film. 



3.5. Assessment of disease caused by G.cingulata on Camellia sinensis 

3.5.1 Detached leaf 
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A detached leaf inoculation technique as described by Dickens and Cook (1989) was 

followed for artificial inoculation of leaves. Fresh, young, fully expanded tea leaves 

detached from plants were placed in trays lined with moist blotting paper. Wounds were 

made on the adaxial surface of each leaf with 26 G 112 needle and inoculated with 201-ll 

droplets of spore suspension (1.2 x 106 conidia ml"1
) of the fungus (prepared from 14 

day-old culture in RMA) . Spore suspension was placed (2-4 drops leaf1
) on the adaxial 

surface of each leaf with a hypodermic syringe on the wounds. In control sets drops of 

sterile distilled water were placed on the wounded leaves. Each tray was covered with a 

glass lid and sealed with petroleum jelly in order to minimize drying of the drops during 

incubation. 

Percent drops that resulted in lesion production were calculated after 48 , 72 and 96 

hours of inoculation as described by Chakraborty and Saha (1994), diameter of the 

lesions was noted. Observations were made based on 50 inoculated leaves ·for each 

treatment in average of three separate ~xperiments. 

3.5.2. Whole plant 

Whole plant inoculation was carried out essentially as described by Mathur et a! 

(2000) with minor modifications. The fungus was grown in RMA for 14 days at 30°±2°C 

and spore suspension :was prepared (1.2 x 106 conidia ml"1
). Tween-20 was added@ 2ml 

1"1 to facilitate adhering of the spores to leaf surface. 2 year-old plants were spray

inoculated with an atomizer @ I 00 ml per plant so as to wet both ventral and dorsal 

surfaces. The plants were immediately covered with polythene bags so as to maintain 

high relative humidity and kept overnight. Next day, the polythene bags were removed 

and transferred to glasshouse benches and maintained at 30°±2°C. 

Disease intensity was assessed as described by Chakraborty eta! (2007) 25, 30 and 

35 days after inoculation of the whole plants. Diameter of individual lesions was 

measured. They were graded into 4 groups and a value was assigned to each group. Very 

small, restricted lesions, 1-2mm diameter= 0.1; 2-4mm diameter with sharply defined 

margin= 0.25; lesion with slow spread beyond 4mm = 0.5; and spreading lesion variable 

in size with diffuse margin= 1.0. Number of lesions in each group was multiplied by the 

value assigned to it and the sum total of such values for 50 leaves randomly picked up 
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from each plant gave the disease index for a plant. Results were always computed as the 

meant of observations of 25 well-established and branched 2 year-old tea plants in 

average of three separate experiments. 

3.6. Analysis of fungal protein 

3.6.1. Extraction 

Mycelial protein was extracted according to the method of Chakraborty and Saha 

(1994). Mycelial mats were harvested, washed with 0.2% NaCl and rewashed with sterile 

distilled water. Washed mycelia were homogenized with 0.05 M sodium phosphate 

buffer (pH 7.2) containing lOmM Na2S2bs and 0.05mM MgCh at 4°C with sea sand in 

mortar and pestle. The homogenate was centrifuged at lO,OOOrpm for 15min. at 4°C and 

the supernatant obtained was used for protein analysis immediately and stored at -20°C 

for future use. 

3.6.2. Estimation . 

• 

Soluble proteins were estimated following the method as described by Lowry et a/ 

(1951).To lml of protein sample (taking 10"1 or 10"2 dilution) Sml of alkaline reagent 

(0.5 ml of 1% CuS04 and 0.5 ml of2% sodium potassium tartarate, dissolved in 50 ml of 

2% Na2C03 in 0.1 N NaOH) was added. This was incubated for 15 min. at room 

temperature and then 0.5ml of IN Folin Ciocalteau reagent was added and again 

incubated for 30 min., following which optical density was measured at 700nm.Quantity 

of protein, was estimated from the standard curve made with bovine serum albumin 

(BSA). 

3.6.3. SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis was performed for the 

detailed analysis of protein profile of soluble mycelial protein following the method of 

Sambrook et a/ (1989). 

3.6.3~1. Preparation of stock solutions 

For the preparation of gel the following stock solutions were prepared: 

A. Acrvlamide and N'N' -methylene his acrvlamide 

A stock solution containing 29% acrylamide and 1% bis acrylamide was prepared in 

warm water. As both of them are slowly deaminated to acrylic and bis acrylic acid by 

alkali and light the pH of the solution was kept below 7. 0 and the stock solution was 
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filtered through Whatman No. I filter paper, kept in brown bottle and stored at 4°C and 

used within one month. 

B. Sodium Dodecyl Sulphate (SDS) 

A 10% stock solution of SDS was prepared in warm water and stored at room 

temperature. 

C. Tris buffer 

(a)1.5 M Tris buffer was prepared for resolving gel. The pH of the Tris was adjusted 

to 8.8 with concentrated HCl and stored at 4°C for use. 

(b)l.O M Tris was prepared for use in the stacking and loading buffer. The pH of this 

Tris was adjusted to 6.8 with concentrated HCl and stored at 4°C for use. 

D. Ammonium Persulphate (APS) 

Fresh 10% APS solution was prepared with distilled water each time before use. 

E. Tris-Glycine electrophoresis buffer 

.Tris running buffer consists of25mM Tris base, 250mM glycine (pH 8.3) and 0.1% 

SDS.A IX solution can be made by dissolving 3.02 g Tris base, 18.8 g glycine and lOml 

of 10% SDS in IL of distilled water. 

F. SDS gel loading buffer 

This buffer contains 50mM Tris-HCI (pH 6.8), lOmM f3-mercaptoethanol, 2% SDS, 

0.1% bromophenol blue, 10% glycerol. A 1 X solution can be prepared by dissolving 

0.5 ml of 1M Tris buffer (pH 6.8), 0.5 ml of 14.4M f3-mercaptoethanol, and 2ml 

of 10% SDS, 1 Omg bromophenol blue, lml glycerol in 6.8 ml of distilled water. 

3.6.3.2. Preparation of Gel 

Mini slab gel (plate size Scm x 1 Ocm) was prepared for the analysis of protein 

patterns by SDS-PAGE. For gel preparation, two glass plates were thoroughly cleaned 

with dehydrated alcohol to remove any traces of grease and then dried. Then 1. 5mm 

thick spacers were placed between the glass plates at the three sides and the three sides of 

the glass plates were sealed with high vacuum grease and clipped thoroughly to prevent 

any leakage of the gel solution during pouring. Resolving and stacking gels were 

prepared by mixing compounds in the following order mentioned as follows: 
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Composition 1 0% Resolving gel 5%Stacking gel 
(ml) (ml) 

Double distilled water 2.85 2.10 
30% Acrylamide 2.55 0.50 
Tris buffer* 1.95 0.38 
10% SDS 0.075 0.030 
10% APS 0.075 0.030 
TEMED** 0.003 0.003 

*For 1.5M Tris pH 8.8 in resolving gel and 1M Tris pH 6.8 in stacking gel; 

** N, N, N', N''- tetramethyl ethylenediamine 

After pouring the resolving gel solution, it was immediately overlayered with isobutanol 

and kept for polymerization for 2 hours. After polymerization of the resolving gel was 

complete, overlay was poured off and washed with water to remove any unpolymerized 

acrylamide. Then the stacking gel (5%) was prepared by mixing the stock solutions. 

Stacking gel solution was poured over the resolving gel and the comb was inserted 

~ immediately leaving a space of 1 em between resolving gel and comb and overlayered 

with water. The gel was kept for polymerization for 30 minutes. After polymerization of 

the stacking gel the comb was removed and washed thoroughly. The gel was then finally 

mounted in the electrophoresis apparatus after removing the spacer at the bottom. Tris

glycine running buffer was added sufficiently in both upper and lower reservoirs. Any 

bubble trapped at the bottom of the gel was removed with a bent syringe. 

3.6.3.3 Sample preparation. 

Sample was prepared by mixing the sample protein (34J .. tl) with 1 x SDS gel loading 

buffer (l6J..1.l) in cyclomixer. All the samples were floated in boiling water bath for 3 

minutes to denature the protein sample. The samples were immediately loaded in a 

pre-determined order into the bottom of the wells with T -1 00 micropipette. Along 

with the samples, protein marker (Genei) consisting of a mixture of six proteins ranging 

from high to low molecular weight (Phosphorylase b- 97,400; Bovine Serum Albumin 

- 66,000 ; Ovalbumin - 43,000 ; Carbonic Anhydrase - 29,000 ; Soybean Trypsin 

-,A inhibitor- 20,100; Lysozyme- 14,300) was treated as the other sample and loaded in a 

separate well. 
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3.6.3.4. Electrophoresis 

Electrophoresis was performed at constant 18 rnA current (Power Pac 1000, Bio

Rad) until the dye front reached the bottom of the gel. 

3.6.3.5. Fixing and staining 

After electrophoresis, the gel was removed carefully from the glass plates and 

then the stacking gel was cut off from the resolving gel and finally fixed in glacial acetic 

acid : methanol : water ( 1 0 : 20 : 70 ) and incubated overnight. · 

The staining solution was prepared by dissolving 250 mg of coomassie brilliant blue 

(Sigma R2so) in 45 m1 of methanol. After the stain was completely dissolved, 4Sml of 

water and 1 Oml of glacial acetic acid were added. The prepared stain was filtered through 

Whatman No.1 filter paper. 

The gel was removed from fixer and stained in this stain solution for 4 hours at 

3 7°C with constant shaking at very low speed. After staining the gel was finally 

destained with destaining solution containing methanol, water and acetic acid ( 4. 5: 4. 5: 1) 

at 40°C with conStant shaking until the background became clear. 

3.7. Analysis of fungal cell wall 

3. 7 .1. Isolation 

Cell wall was isolated from Glomerella cingulata following the procedure of Keen 

and Legrand (1980). Mycelium of 1 0-day-old actively growing fungal culture was 

collected in Buchner funnel and dried by vacuum filter. 20g of fresh packed cells were 

ground for 1 min in a high speed blendor with 80ml ice-cold water: The fungus was then 

disrupted in a homogenizer at 5°C for 1 min. The mixture was centrifuged for 1 min. at 

1 SOOg the supernatant fluids discarded, and the sedimented walls washed with 200ml 

ice-cold water and pelleted by centrifugation at least 6 times or until the supernatant 

fluids become visually clear. Finally, the isolated cell walls were frozen and kept at 

-20°C. 

The isolated cell walls were extracted by the method of Chakraborty et al (1996). 

Isolated cell walls were suspended in ice-cold 0.1 (N) NaOH@ 40rnllg cell walls by 

blending in a chilled mixer-cup at full speed for 20sec. Then the suspension was slowly 

stirred in an ice bath for ISh. Following centrifugation at 8,000g for lOmin., the residue 

was washed with ice-cold water and the pooled supernatants were carefully neutralized 
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to pH7.0 with l(N) HCl and finally dialysed against double distilled water and 

concentrated with PEG. This was used as crude mycelial wall extract (MWE). 

3.7.2. Estimation 

3.7.2.1. Protein content 

Protein content of mycelial wall extract (MWE) was estimated as described earlier 

for the estimation of mycelial protein. 

3. 7.2.2. Carbohydrate content 

The carbohydrate content was estimated according to the method ofPlummer (1978) 

with Anthrone Reagent. 8ml of MWE was pre-treated with lml of 0.3(M) Ba(OH)2 and 

lml of 5%ZnS04 . After centrifugation at 3000g for lOmin., supernatant was collected. 

lml of supernatant was mixed with 4ml of Anthrone reagent (0.2g of Anthrone powder 

in 1 OOml of concentrated H2S04). The mixture was kept in boiling water bath for 1 Omin. 

After cooling, absorbancy was measured in a colorimeter at 620nm. The carbohydrate 

.content was estimated using glucose as a standard. 

3. 7 .3. Bioassay 

For bioassay, crude neutralized extracts were placed on the adaxial surface of 

leaves kept in a humid chamber and were collected after 48h. These were assayed for 

fungitoxicity by spore germination test as described by Rouxel at al (1989). 

3.7.4. SDS- PAGE 

All the steps were same as described earlier for SDS-P AGE analysis of mycelial 

protein, only fixing and staining were different. After electrophoresis, gel with mycelial 

and cell wall protein with replica was fixed overnight in solution I [glacial acetic acid : 

methanol : water ( 10 : 20 : 70 ) ] or in fixer solution II ( 40% ethanol, 5% glacial acetic 

acid, aqueous ) for protein and carbohydrate respectively. Gels from fixer solution I 

were stained in coomassie brilliant blue (Sigma R2so) and then destained as above. Gels 

from solution II were stained with Periodic acid-Schiff's (PAS) regent as described by 

Segrest and Jackson (1972) with modifications. 

The gel for carbohydrate staining, after fixative, was treated with 0. 7% Periodic acid 

solution (0.7g periodic acid in lOOml of 5% acetic acid ) for 2-3h. The gel was then 

:»-· washed with 0.2% Na2S20s solution (0.2g Na2S20s in lOOml of 5% acetic acid) for 2-3 

hours with change of 30min. each. After addition of Schiff 's reagent (lOg of Basic 
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Fuchsin dissolved in 2L of hot double distilled water, cooled and 200m! of IN HCI and 

17g ofNa2S20s was mixed to the solution until it is decolorized), bands appear after 12-

18 hours at Room Temperature. The gel was stored at 4°C. 

3.8. Analysis of host protein 

3.8.1. Extraction 

Soluble proteins were extracted from healthy and infected tea leaves following 

the method of Chakraborty eta/ (1995).Leaftissues (lg) were homogenized with 0.05 M 

sodium phosphate buffer (pH 7.2) containing lOmM Na2_S20 5
, 0.05mM MgC1

2
, 2mM 

soluble polyvinyl pyrrholidone (PVPio:ooo) and 2mM polymethyl sulfonyl fluoride 

(PMSF) in mortar with pestle at 4°C with sea sand and insoluble PVPP (PVP 

40,000).The homogenate was centrifuged for 20 min. at 10,000 r.p.m. and the 

supernatant was used as crude protein extract for SDS-P AGE immediately or stored at -

20°C future used within 24h. 

3.8.2. Estimation 

Estimation of protein content was done by the method ofLowry eta/ (1951) after 

appropriate dilution. 

3.8.3. SDS-PAGE analysis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis was performed for 

the detailed analysis of protein profile as described earlier for mycelial protein. 

3.9. Collection of leaf diffusates and fungitoxic assay 

Diffusible compounds from tea leaves were collected following drop diffusate 

technique of Muller (1958) with modifications. Leaves were collected from tea plants, 

washed in sterile distilled water and blotted dry with blotting paper. Fifty leaves were 

placed on moist blotting paper in each plastic tray (30cm x 30cm). Each leaf was slightly 

wounded with a sterile needle. 20J.Ll droplets (2-4 per leaf) of sterile distilled water or 

conidial suspension of G.cingulata (1.2 x 106 conidia ml-1
) prepared from 10 days old 

cultures with sterile distilled water were placed on the dorsal surface of each leaf Each 

tray was covered with a glass lid and sealed with a smear of white petroleum jelly to 

maintain the necessary moisture. Drops were collected from healthy leaf surfaces, 
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combined and centrifuged. This supernatant was treated as diffusate. Finally, diffusates 

were passed through millipore filter and then used for experimental purpose. 

Method of Werder and Kern (I985) was followed for bioassay of diffusates. A 

clean grease free slide was taken and a drop of 25~-tl of fungal spore suspension was 

placed on it. The spores were allowed to settle and adhere to the slide for at least Ih. The 

water was then carefully removed with highly absorbent blotting paper. Next, 25~-tl of 

test solution was added on the settled spores and incubated in humid Petri dishes 

for I8h. At the end of incubation period, the test solution was removed with blotting 

paper. Finally, I drop of lactophenol cotton blue was added on to the germinated spores 

for fixation. Slide was observed under the microscope and the percentage of spore 

germination, germ tube length and appressoria formation was determined from at least 

200 spores in each treatment from ten different microscopic fields under high power 

(x450) . Measurements were done with the help of stage and ocular micrometer. 

3.10. Extraction and estimation of Phenolics 

~ Total phenol and orthodihydro?cy phenols were extracted and estimated following 

the method ofMahadevan and Ulanganathan (I992). Detached leaf inoculation technique 

as described earlier was followed. In case of control, sterile distilled water was mounted 

on the adaxial surface of leaves. Phenols were extracted from Ig each of healthy and 

inoculated leaves separately in boiling ethanol (4ml!gleaf tissue) for 10 min., crushed 

using 80% ethanol (5mll g tissue) and filtered in the dark through filter paper. Final 

volume was adjusted to 5ml with 80% ethanol. 

3.10.1. Total phenol 

For estimation of total phenol, to I m1 of alcohol extract Iml of IN Folin

ciocalteau's reagent and 2ml of 20% Na2C03 solution was added. The test tube was 

shaken and heated on a boiling water bath for I min. and volume was raised to 25ml with 

distilled water. Absorbance was measured in a Systronics photoelectric colorimeter 

Model - IOl at 650nm.Quantity of total phenol was estimated using caffeic acid as a 

standard. Phenol content was expressed as mg caffeic acid g-1 leaftissue. 

3.10.2. Orthodihydroxy phenol 

For estimation of orthodihydroxy phenol , Iml of alcohol extract was taken in a 

test tube, to which 2ml of 0.5 N HCl, lml Arnow's reagent (NaN03- lOg; Na2Mo04-

lOg; distilled water IOOml) and 2ml of IN NaOH were added, following which the 
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volume was raised to 1 Oml with distilled water. Absorbance was recorded usmg a 

Systronics Photoelectric Colorimeter model-10 1 at 515nm. Quantity of 

orthodihydroxyphenol was estimated using caffeic acid as standard. Phenol content was 

expressed as mg g-1 leaftissue. 

3.11. Polyclonal antibody preparation 

3.11.1. Rabbits and their maintenance 

Polyclonal antibody (i.e. antisera) for fungal antigen was produced in New 

Zealand white male rabbits. Approximately 2kg body weight rabbit is needed is needed 

(Alba and Devay, 1985) for immunization. Thus before immunization, the body weight 

of rabbits were recorded and observed for at least 1 week inside the cage. Rabbits were 

maintained in Animal House (.Antisera Reserve for Plant Pathogens), Department of 

Botany, University of North Bengal. Food given to the rabbits consisted of green grass, 

soaked gram seeds, green vegetables like cabbage and carrots (especially at the time of 

bleeding schedule). Rabbits were regularly fed in· the morning and evening, providing 

properly washed and cleaned utensils. 90-100g I day of gram seeds (soaked in water), 

alternately with 500g green grass were given for each rabbit. Besides this, they were 

given saline water after each bleeding for three consecutive days. Cages and floor were 

cleaned with antimicrobial agents every day in the morning for maintaining the hygeinic 

condition. 

3.11.2. Immunization 

Following the method of Chakraborty and Saha (1994), before immunization, 

normal sera were collected from rabbit. For raising antisera, intramuscular injections of 

1ml antigens (1mg/ml protein) emulsified in equal volume of Freund's complete 

adjuvant (Genei, Bangalore) were given into each rabbit 7 days after pre-immunization 

bleeding and repeating the doses at 7 days interval for the consecutive week, followed by 

Freund's incomplete adjuvant (Genei, Bangalore) at 7 days interval, up to 10-14 

consecutive weeks as required. 

3.11.3. Bleeding 

Blood samples were collected by marginal ear vein puncture. First bleeding was 

taken 3 days after 6th week of 1st immunization and subsequently 5 times more every 

fortnight. During bleeding the rabbit was placed on its back on a wooden board, fixed at 

60° angle. The neck of the rabbit was held tightly in the triangular gap at the edge of the 
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board and the body was fixed in such a way that the rabbit could not move during the 

bleeding. The hairs were removed from the upper side of the ear with the help of a sharp 

razor and disinfected with rectified spirit. Then the ear vein was irritated by xylene and 

an incision was made with the help of a sharp sterile blade ·and blood sample ( 4-1 Oml) 

was collected in a sterile graduated glass tube. After collection, all precautionary 

measures were taken to stop the flow of the blood from puncture. For clotting, the blood 

samples were kept at 37°C for 1h and then stored overnight at 4°C. Then the clot was 

slightly loosened with a sterile needle· and the antiserum was taken into another sterile 

centrifuge tube and clarified by centrifugation at 2000g for 1 Omin. at room temperature. 

Finally, antisera were stored at -20°C until required. 

3.12. Purification of IgG 

3.12.1. Precipitation 

lgG was purified by ion-exchange chromatography on a DEAE cellulose column 

following the method of Clausen (1988). The crude antiserum (2tnl) diluted with two 

volumes of distilled water and then aJJ equal volume of 4.0 M ammonium sulphate was 

added. The pH was adjusted to 6.8 and the mixture was stirred for 16h at 22°C. Then it 

was centrifuged at 10,000 rpm for 1h at 22°C and the precipitate was dissolved in 2ml of 

0.02M sodium phosphate buffer, pH 8.0. 

3.12.2. Column preparation 

4g of DEAE cellulose (Sigma Co., USA) was suspended in distilled water overnight. 

The water was drained off and the gel was suspended in 0.005M sodium phosphate 

buffer pH8.0 and the buffer washing was repeated for 5 times. The gel was then 

suspended in 0.02M sodium phosphate buffer, pH 8.0 and applied to a column (2.6cm 

wide, 30cm high) and allowed to settle for 2h. After the column material had settled, 

25ml of0.02M sodium phosphate buffer, pH 8.0 was applied to the gel material. 

3.12.3. Fraction collection 

2ml of ammonium sulphate precipitate was applied at the top of the column and 

the elution was performed at a constant pH and a continuously changing molarity from 

0.02M- 0.3M. The initial elution buffer-(1) was 0.02M sodium phosphate buffer pH.8.0. 

The final elution buffer-(2) was 0.3M sodium phosphate buffer pH.8.0. 
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The buffer-(1) was applied in a lower flask (or tank) in which one rubber tube 

connection from its bottom was supplying the column. Another connection from its top 

was connected to upper flask (or tank) containing buffer-(2). The buffer-(2) had also 

connection to the open air. During the draining of buffer-(1) to the column, buffer-(2) 

was sucked into buffer-(1) thereby producing a continuous rise in molarity. Finally, 40x5 

fractions each of 5ml were collected and the optical density values were recorded at 

280nm by means ofUV spectrophotometer (DIGISPEC-200GL). 

3.12.4. Estimation oflgG concentration 

IgG concentration was estimated as described by Jayaraman (1996). Absorbance 

was taken for selected fractions at 280 nm and 260nm and then concentration of IgG was 

calculated by the following formula: protein concentration (mg ml"1
) =1.55 x A. 280 -

0.76 xA260. 

3.12.5. Storage oflgG 

Serum samples were obtained at regular intervals as per schedule and stored at -

20°C. To eliminate the background binding and to restore the specificity of antisera lost 

during storage, they were adsorbed with kaolin (Shillitoe, 1982). To 0.1 ml of antiserum 

(=3mg protein) was added 0.15M phosphate buffer saline pH 7.2 (PBS) with 4% BSA 

and 1 ml·of 25% suspension (w/v) of kaolin (hydrated aluminiumm silicate, particle size 

0.1 - 4.0 mm, Sigma) in PBS. The mixture was allowed to stand at room temperature for 

20 minutes with regular mixing. The kaolin was then removed by centrifugation at 10, 

0000 rpm for 1 Omin. and then the supernatant was diluted with 1 volume of glycerol and 

0. 01% sodium azide was added before storage at -1 0°C. 

3.13. Immunodiffusion 

3.13.1. Preparation of agarose slides 

Glass slides (6cm x 6cm) were degreased in 90% (v/v) ethanol; ethanol:diethylether 

(1: 1, v/v) and ether, then dried in hot air oven. After drying plates were sterilized inside 

the petridishes, each containing one plate. Agarose gel was prepared in 0.05M. Tris

barbiturate buffer (pH 8.6). The buffer was heated in a conical flask placed in a boiling 

water bath. 0.9% agarose was mixed to the hot buffer and boiled for the next 15min. The 

flask was repeatedly and thoroughly shaken on order to prepare clear molten agarose, 
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after which 0.1% (w/v) sodium azide (antibacterial agent) was added into it. For the 

preparation of agarose gel, the molten agarose was poured on sterilized glass slides 

(lOml/slide) in laminar air flow chamber and kept for solidification under UV light for 

30min. After that 7 wells were cut out with a sterilized cork borer (6mm dia.) at a 

distance of 1.5-2.0 em from the central well and 2.0-2.5 em well to well (peripheral). 

3.13.2. Diffusion 

Agar gel double diffusion tests were carried out using antigen and antiserum 

following the method of Ouchterlony (1976). The antigen and undiluted antisera 

(50J.1IIwell) were pipetted directly into the appropriate wells in a laminar chamber. The 

diffusion was allowed to continue in a moist chamber for 72h at 25°C. Precipitation 

reaction was observed in the agar gel only in cases where common antigens were 

present. 

3.13.3. Washing, staining and drying of slides 

After immunodiffusion, the slides were initially washed with sterilized distilled 

water and then with aqueous NaCl solution (0.9% NaCl and 0.1% NaN3) for 72h with 6-

hourly changes to remove unreacted antigens and antisera widely dispersed in the 

agarose gel. The slides were then stained with coomassie blue (R 2so, Sigma; 0.25g 

coomassie blue + 45ml methanol + 45ml distilled water + 1 Oml glacial acetic acid ) for 

1 Omin. at room temperature. After staining, slides were washed in destaining solution 

[90ml methanol: distilled water (1 : 1) and lOml acetic acid ] with changes until the 

background becomes clear. Finally, slides were washed with distilled water and dried in 

hot air oven for 3 h at 50°C. 

3.14. Immunological techniques 

The immunodiagnostic techniques are based on the similarity of the antigenic 

determinants between the host and the pathogen. The IgG is raised against the pathogen 

and used to probe for the presence of the particular organism in the host. Several 

techniques have been used in the present study. 
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3.14.1. Plate-trapped antigen-enzyme linked immunosorbent assay 

(PTA-ELISA) 
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PTA-ELISA was performed following the method as described by Chakraborty et 

al (1995). It has been found to be a rapid and sensitive method of detection. The 

following buffers were prepared at the onset : 

1. Antigen coating buffer- Carbonate-bicarbonate buffer 0.05M pH 9.6 

Stocks 

A. Sodium carbonate- 5.3 gin IOOOml double distilled water. 

B. Sodium bicarbonate- 4.2g in lOOOml double distilled water 

160m! of stock A was mixed with 360ml of stock Band pH was adjusted to 9.6 

2. Phosphate Buffer saline: 0.15 M PBS pH- 7.2. 

Stocks 

A. Sodium dihydrogen phosophate - 23 .40g in lOOOml double distilled water. 

B.Disodium hydrogen phosphate - 21.294g in 1 OOOml double distilled water. 

280ml of stock A was mixed with 720 ml of stock B and pH was adjusted to 7.2. 

Then 0.8% NaCl and 0.02% KCl was added to the solution . 
.. 

3. 0.15M Phosphate Buffer Saline-Tween (0.15M PBS-T, pH 7.2) 

To 0.15M PBS, 0.05% Tween-20 was added. 

4. Blocking reagent (Tris buffer saline, pH 8.0) 

0.05M Tris, 0.135M NaCl, 0.0027M KCl 

Tris- 0.657g 

NaCl- 0.81g 

KCl- 0.223g 

Distilled water was added to make up the volume to 1 OOml. Then the pH was 

adjusted to 8.0 and 0.05% tween-20 and 1% bovine serum albumin (BSA) were 

added. 

5. Antisera dilution buffer (0.15M PBS-Tween, pH 7.2) 

In 0.15M PBS-Tween, pH 7.2, 0.2% BSA, 0.02% polyvinylpyrrolidone, 10,000 

(PVPP 10,1000) and 0.03% sodium azide (NaN3) were added. 

6. Substrate 

p-nitrophenyl phosphate (Himedia) lOmg/ml dissolved in substrate buffer (0.05M 

Tris-HCI buffer, pH 9.8 containing 1.0%, w/v diethanolamide, 5mM NaN3, pH 

9.8) 

--------, 
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7. Stop solution 

3N NaOH solution was used to stop the reaction. 

Flat bottom 96-well polystyrene micro-tiltre plates (Nunc) were used for assay. 

Test samples Vfere diluted with antigen coating buffer and added into each of the three 

wells (200J1l well-1
) and then incubated at 25°C f~r 4h. The wells were then emptied and 

washed 3 times by flooding with O.I5M PBS pH 7.2 containing 0.05% Tween-20 (PBS

T). After each washing, plates were shaken dry. Subsequently, 200J1l ofblocking reagent 

was added to each well for blocking the unbound sites to eliminate background binding 

and the plate was incubated at 25°C for I h. After incubation the plate was washed as 
., 

mentioned earlier. Purified IgG was diluted in antisera dilution buffer (PBS-T) 

containing 2% soluble PVPP, 0.2% BSA and 0.03% NaN3 , loaded (200J1l well-1
) and 

incubated at 4°C overnight (I6h). After another washing, goat antirabbit IgG labelled 

with alkaline phosphatase (Sigma Chemicals, USA) diluted 10,000 times with PBS was 

added to each well (200Jll well-1
) and incubated at 37°C for 2h. The plate was washed, 

dried and loaded with 200J.1l of enzyme substrate p-nitrophenyl phosphate (10 mg ml-1
) 

in alkaline phosphatase buffer containing I% diethanolamine in each well and incubated 

in dark at room temperature for 60min. Colour development was stopped by adding 50J1l 

well-1 of 3N NaOH solution. The rate of colour development was monitored on a 

multiskan EX (Thermo Electron) ELISA reader interfaced with Windows 98 computer 

and the rates of the reaction was recorded at A405nm. Absorbance values in wells not 

coated with antigens were considered as antigen blanks. Triplicate wells were used for 

each sample. 

3.14.2. Dot Immunobinding assay (DffiA) 

Dot immunobinding assay was performed following the method as suggested by 

Lange et al (1989) with modifications. It can be used instead of PTA-ELISA in an 

efficient manner. 

Following buffers were used for dot-blot : 

(i) Carbonate-bicarbonate coating buffer (O.OSM, pH 9.6). 

(ii) Tris buffer saline (IOmM, pH 7.4) with 0.9% NaCI and 0.5% 

Tween-20 for washing. 
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(iii) Blocking solution - 10% (w/v) skimmed milk powder (casein 

hydrolysate, SRL) in TBST (O.OSM Tris-HCl, 0.5M NaCl, 0.5% (v/v) 

Tween-20, pH 10.3). 

3.14.2.1. lmmunoblotting 

Nitrocellulose membrane (Bio-Rad, 0.45j.lm) was first cut carefully into the 

required size (Scm x 12cm for 96 welled template) and were carefully placed inside the 

template ofBio-Dot apparatus (Bio-Rad) with the help of flat foreceps (Millipore). Hand 

gloves were always worn while carrying out all the procedures involving nitrocellulose 

membrane (NCM). 10J.Ll of coating buffer was loaded in each well of the template over 

the NCM and kept for 30min. to dry. 

Following this 10J.Ll of test samples (antigens) were loaded into the template wells 

over the NCM and kept for 1h at room temperature. 

3.14.2.2. Immunoprobing 

Template was removed and blocking of NCM was done with 10% non-fat dry 

milk (casein) prepared in TBST for 30-60min. on a magnetic stirrer (Remi). Polyclonal 

antibody (IgG, 1 :5000) of G. cingulata mycelia was added directly into the blocking 

solution and further incubated at 4°C overnight. The membrane was then washed gently 

with running tap water for 3 min., followed by 3 times 5 min. washes in TBST (pH 7.4) 

(Wakeham and White, 1996). The membrane was then incubated in alkaline 

phosphatase-conjugated goat antirabbit IgG (Sigma Chemicals, diluted 1:10,000 in 

TBST containing 5% w/v, skim milk powder) for 2h at 37°C. The membrane was 

washed as before. Substrate (BCIPINBT, Bangalore Genei, 10mllblot) was next added 

and colour development noted. Colour development was stopped by washing the NCM 

with distilled water and categorized on the intensity of the dots. 

3.14.3. Western blot analysis 

Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose 

sheets was performed according to the method as devised by Towbin et al, 1979. Two 

identical SDS-PAGE gels were prepared. Following this, one was stained with 

coomassie brilliant blue. The immobilized proteins on the other gel were transferred to 

the nitrocellulose membrane (NCM) and analysed immunologically. Immunoprobing 
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was performed using Western Blot technique as described by Wakeham and White 

(1996). The following buffers were used for Western Blot. 

(i) All the stock solutions and buffers used in SDS-Gel preparation for 

Western Blot were prepared as described earlier. 

(ii) Transfer buffer (Towbin buffer): 

200mM Tris, 192mM glycine, 20% reagent grade methanol, pH 8.3. 

Tris - 3.03g; Glycine - 14.4g; 200ml methanol (adjusted to IOOOml 

with double distilled water) 

(iii) Phosphate buffer saline, PBS (0.15M, pH 7.2).Preparation as 

mentioned in ELISA 

(iv) Blocking solution : 

5% non-fat dried milk + 0.02% sodium azide in PBS with 0.02% 

Tween20. 

( v) Washing buffers : 

(a) Washing buffer-1 :PBS 

(b) Washing buffer-2 : (SOmM Tris-HCl, 150mM NaCI, pH 7.5). 

Tris- 6.07g; NaCl- 8.78g; made upto 1lit with distilled water. 

(vi) Alkaline phosphatase buffer: 

(IOOmM NaCI, SmM MgCh, 100mM Tris-HCl, pH 9.5). 

Tris - 12.14g; NaCl - 5.84g; MgCh - 1.015g; made upto 1 lit with 

double distilled water. 

(vii) Substrate: BCIPINBT, Bangalore Genei, IOmllblot 

(viii) Stop solution: (O.SM EDTA solution in PBS, pH 8.0) 

EDTA sodium salt- 0.0372g in 200fll double distilled water added in 

50ml ofPBS. 

3.14.3.1. Immunoblotting 

After the SDS-PAGE, the gel was transferred into pre-chilled Towbin buffer and 

kept for lh. The nitrocellulose membrane (Bio-Rad, 0.45Jlm) and the filter paper (Bio

Rad, 2mm thickness) were cut to gel size and soaked in Towbin buffer for 15 min. The 

transfer process was done in Trans-Blot Semi-Dry Transfer cell (Bio-Rad) through BIO

RAD power pack. The presoaked filter paper was placed on the platinum anode of the 
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Semi-dry cell. A glass rod was rolled over the suzface of the filter paper to exclude all air 

bubbles. The pre-wet membrane was placed on the filter paper and air bubbles were 

rolled out. The equilibrated gel was carefully placed on the membrane and again the air 

bubbles were removed. Finally another pre soaked filter paper was placed on the top of 

gel, removing all the air bubbles. The cathode was carefully placed on the sandwich and 

pressed to engage the latches with the guide posts without disturbing the filter paper 

stack. The blot unit was run for 45 min at a constant voltage of 15V. After the run the 

membrane was removed and dried on a clean piece of filter paper for 1 h. 

3.14.3.2. lmmunoprobing 

After drying the NCM, blocking was done by 5% non-fat dried milk in a heat 

sealable lastic bag and incubated for 90 min with gentle shaking on a platform shaker at 

room temperature. Subsequently the membrane was incubated with antibody (lgG) 

solution. The bag was sealed leaving space for few air bubbles and incubated at 4°C 

overnight. All the steps were done with gentle shaking. Next day, the membrane was 

washed thrice in 250ml PBS (washing buffer-1). Final washing was done in 200ml 

washing buffer-2 to remove azide and phosphate from the membrane before enzyme

coupled reaction. The enzyme, alkaline phosphatase tagged with anti-rabbit goat lgG 

(Sigma Chemicals) diluted (1 : 1000) in alkaline phosphatase buffer, was added and 

incubated for 1 h at room temperature. After the enzyme reaction, membrane was 

washed four times in washing buffer-2. Then 10ml of substrate was added and the 

reaction was monitored carefully. When the bands appeared upto the desirable intensity, 

the membrane was transferred into a reservoir with 50ml stop solution. 

3.14.4. Indirect Immunofluorescence 

Indirect fluorescence staining of fungal mycelia and cross sections of tea leaves 

were done using RITC labeled goat anti-rabbit IgG as well as FITC labeled goat anti

rabbit IgG following the method of Chakraborty and Saha (1994). 

3.14.4.1. Fungal mycelia and cell wall 

Fungal mycelia were grown in liquid Richard's medium as described earlier. After 4 

days of inoculation, young mycelia were taken out from flask, taken in Eppendorf tube 

and washed with PBS (pH 7.2) by centrifugation at low speed. Mycelia and cell wall of 
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G. cingulata (isolate GC-1) were treated separately with normal sera or antisera diluted 

(1 : 50) in PBS and incubated for 1 h at room temperature. The mycelia were washed 

thrice with PBS-Tween (pH 7.2) as mentioned above and treated with goat anti-rabbit 

IgG (whole molecule) conjugated with rhodamine isothiocyanate (RITC) or fluoroscein 

isothiocyanate (FITC) diluted 1 : 40 with PBS (pH 7.2) and incubated in dark for 45 min 

at room temperature. After incubation, mycelia were washed thrice in PBS and mounted 

in I 0% glycerol. After placing the coverslip carefully, it was sealed. The slides were 

observed under UV fluorescence conditions using Leica Leitz Biomed microscope with 

fluorescence optics suitably equipped with N2 or 13 filter· and photographs taken using 

800 ASA film. 

3.14.4.2. Cross sections of tea leaves 

Initially, cross sections of healthy and infected tea leaves were cut and immediately 

immersed in phosphate buffer saline (PBS), pH 7.2 containing O.OI% polyvinyl poly. 

pyrrolidone-1 0 (PVP-1 0) and 1% BSA (Bovine Serum Albumin) . These sections were 

washed in PBS and treated with normal serum or antiserum diluted (1 : 50) in PBS and 

incubated for 3 h at room temperature in grooved slides. After incubation, sections were 

washed thrice with PBS-Tween (pH 7.2) for 15 min and transferred to 40J.Ll of diluted (1 

: 40) goat antirabbit lgG labeled with RITC or FITC. The sections were incubated for 45 

min in dark. After that sections were washed thrice with PBS-Tween as mentioned above 

and mounted on a grease free slide with I 0% glycerol. Fluorescence of the leaf sections 

was observed using Leica Leitz Biomed microscope with fluorescence optics equipped · 

with UV filter set (N2/13) and photographs were taken. 

3.15. Application of inducers 

3.15.1. Hydrogen Peroxide (H202) 

The required percentage of hydrogen peroxide (30% stock) was sprayed with an 

atomizer @I OOml per plant so as to wet both ventral and dorsal surfaces. The plants were 

treated overnight so that the light-sensitive hydrogen peroxide is not degraded and there 

is sufficient time for absorption. The concentrations (v/v) used were 3%, 0.3% and 

O.I5% made from the stock solution diluted with distilled water and stirred properly. 
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3.15.2. Sodium Nitroprusside (SNP) 

Nitric oxide donor - Sodium Nitroprusside (NITROP,Chandra Bhagat Pharma 

Pvt. Ltd, Mumbai) was used in aqueous solution of appropriate molarity to test the effect 

ofNO on tea plants. The solution was sprayed with an atomizer @lOOml per plant so as 

to wet both ventral and dorsal surfaces. The plants were always treated during daytime, 

as SNP forms NO in presence oflight and vascular tissue (Yamamoto and Bing, 2000). 

The concentrations used were 1mM, 0.1mM amd 0.01mM made from the stock solution 

diluted with distilled water and stirred properly. 

3.15.3. Benzothiadiazole (BTH) 

Benzothiadiazole [ benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester, 

HiMedia] was used in aqueous solution of appropriate concentration to test the effect of 

BTH on tea plants. The solution was sprayed with an atomizer @100ml per plant so as to 

wet both ventral and dorsal surfaces. The concentrations (v/v) used were 0.01%, 0.1% 

and 1% made from the stock solution diluted with distilled water and stirred properly. 

3.16. Assay of enzyme activity 

3.16.1. Peroxidase (POX; E. C. 1.11.1. 7) 

To extract peroxidase, the,method described by Chakraborty et al (2002) was 

used. Tea leaf tissue (1g) was crushed in mortar with pestle in 5ml of 0.1(M) sodium 

phosphate buffer ( pH 7.0) on ice with addition of a pinch insoluble PVP and sea sand. 

The homogenate was centrifuged immediately at 15,000 r.p.,m. for 20 min. at 4°C. After 

centrifugation, the supernatant was collected and stored at - 20°C and used within 24h for 

assay and isozyme analysis. For determination of peroxidase activity, 1 OOf.ll of freshly 

prepared crude enzyme extract was added to the reaction mixture containing 1ml of 0.2 

M sodium phosphate buffer (pH 5.4), 100f.1l of 4 mM H20 2, 100f.1l of o-dianisidine (5mg 

ml-1 of methanol)· and I. 7 ml of distilled H20. Peroxidase activity was assayed 

spectrophotometrically [using UV-VIS Spectrophotometer (Digispec 200GL)]at 460nm 

by monitoring the oxidation of o-dianisidine in presence of H202. Specific activity was 

expressed as the increase in absorbance at 460nm mg-1 protein min. -1 (.1~60 mg -1 

protein min.-1
). 
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3.16.2 Polyphenol oxidase (PPO; E.C. 1.14.18.1) 

Extraction and assay of PPO was done according to the method of Meena et al 

(2001). 1 g ofleaftissue was crushed on ice with mortar and pestle with 5 ml of0.1 M 

sodium phosphate buffer (pH 6.5). The slurry was immediately centrifuged at 4000 rpm 

for 30 min. at 4°C. The supernatant was collected and after recording its volume was 

stored at - 20°C and used within 24h for assay and isozyme analysis. For assay of PPO 

activity, 100 f.ll of freshly prepared enzyme extract was mixed with 1.9 ml of 0.1 M 

sodium phosphate buffer (pH 6.5) and 1ml of 0.025 M catechol solution. The reaction 

mixture was incubated in dark at room temperature for preventing photooxidation of 

enzyme. Further readings were taken at 1 min interval at 495nm. The blank was set with 

3 ml of phosphate buffer and enzyme activity expressed as .L\At9s mg -1 protein min.-1 

3.16.3. Phenylalanine ammonia lyase (PAL; E.C. 4.3.1.5) 

For extraction of PAL method of Chakraborty et al (1993) was followed. One 

gram ofleaf tissue was crushed using mortar and pestle on ice in 5 ml of 0.1 M sodium 

borate buffer (pH 8.8) containing 2rn1'1 f3-mercaptoethanol. The slurry was centrifuged at 

10,000 rpm for 20 min. at 0° C. The supernatant was collected and its final volume was 

measured and used immediately for assay. PAL activity in the supernatant was 

determined by measuring the production of cinnamic acid from L"phenylalanine 

spectrophotometrically. The reaction mixture contained 0.3ml of 300f.!M sodium borate 

buffer (pH 8.8), 0.3ml 30f.lM L-phenylalanine and 0.5 ml of supernatant in a total 

volume of 3ml. Following incubation for 1h at 40 °C, the absorbance at 290nm was 

read using UV-VIS Spectrophotometer (Digispec 200GL) against a blank without the 

enzyme in the assay mixture. The enzyme activity was expressed as f.lg cinnamic acid 

liberated from L-phenylalanine mg -1 protein min.-1
. 

3.16.4. Tyrosine ammonia lyase (TAL; E.C. 4.3.1.5) 

For extraction of TAL method ofPaul and Sharma (2002) was followed. Leaves (lg 

each) were crushed using mortar and pestle on ice in 5 ml ofO.l M sodium borate buffer 

(pH 8.8) containing 2mM f3-mercaptoethanol. The slurry was centrifuged at 15,000 rpm 

for 20 min. at 0°C. The supernatant was collected, its final volume was measured and the 

extract used immediately for assay. TAL activity in the supernatant was determined by 
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measuring the production of p-coumaric acid from L-tyrosine spectrophotometrically. 

The reaction mixture. contained 0.3ml of 300J..LM sodium borate buffer (pH 8.8), 0.3ml 

30J..LM L-tyrosine and 0.5 ml of supernatant in a total volume of 3ml. Following 

incubation for 1 h at 40°C, the absorbance at 290nm was read using UV-VIS 

Spectrophotometer (Digispec 200GL) against a blank without the enzyme in the assay 

mixture. The enzyme activity was expressed as J..Lg p-coumaric acid liberated from L-
• -1 • • -1 tyrosme mg protem mm. 

3.16.5. Chitinase (CHT; E.C. 3.2.1.14) 

The colorimetric assay of chitinase was carried out according to the procedure 

developed by Boller and Mauch (1988) with a few modifications. One gram of the leaf 

sample was extracted with 3 ml of 0.1 M sodium citrate buffer, pH 5.0 and 2 mM PVP-

10 in pre-chilled mortar with pestle. The homogenate was centrifuged for 30 min. at 4°C 

and 10,000 r.p.m. The supernatant was used as enzyme source. One ml of the enzyme 

extract was incubated with 1 ml of colloidal chitin (lmg ml"1 
) at 37°C for 1 h on a 

shaker. The solution was centrifuged_ for 3min. at R. T. to remove any unreacted 

colloidal chitin. An aliquot of supernatant (0.3ml) was added to 30 J..Ll of 1 M potassium 

phosphate buffer, pH 7.1 and incubated with 20 J..Ll of (w/v) desalted snail gut enzyme 

Helicase (Sigma) (3%) (w/v) for 1 h. After 1 h, the pH of the reaction mixture was 

brought to 8.9 by addition of 70 J..Ll of 1 M sodium borate buffer, pH 9.8. The mixture 

was incubated in a boiling water bath for 3 min. and then rapidly cooled by dipping in ice 

. After addition of DMAB reagent [lOg of dimethylaminobenzaldehyde in 12.5ml of 

ION HCl and 87.5ml glacial acetic acid], the mixture was incubated for 20 min. at 37°C. 

Immediately thereafter, absorbance value at 585 nm was measured using a UV-VIS 

Spectrophotometer (Digispec 200GL). A standard curve of serial dilutions (0.5- 2.5 mg 

mr1
) ofN-acetyl-D-glucosamine was prepared. The enzyme activity was expressed as J..Lg 

GlcNAc min"1mg-1fresh tissue. 

3.16.6. (3-1,3-Giucanase (J3-GLU; E.C. 3.2.1.39) 

(3-1,3-glucanase was assayed by the laminarin-dinitrosalicylate method (Pan et 

al, 1991) with modifications. One gram of the leaf sample was extracted with 3 ml of 

0.05 M sodium acetate buffer, pH 5.0 supplemented with 2mM PVP-10 by grinding in 

pre-chilled mortar and pestle. The extract was then centrifuged at 10,000 g for 30 min at 



60 

4°C and the supernatant was used as crude enzyme extract. 62.5 J..Ll of the crude enzyme 

extract was added to 62.5 J..Ll of laminarin (4%) and then incubated at 40°C for 10 min. 

The reaction was stopped by adding 375 J.i.l of dinitrosalicylic acid reagent ( lg ofDNSA 

dissolved in 200mg crystalline phenol in 1% NaOH and 0.05g sodium sulphite) and 

heated for 5 min. in a boiling water bath. The resulting coloured solution was diluted 

with 4.5 ml of water, vortexed and absorbance at 500 nm was determined in a UV-VIS 

Spectrophotometer (Digispec 200 GL). The blank was the crude enzyme preparation 

mixed with laminarin with zero time incubation. A standard curve of glucose (50-250J..Lg 

mr1 
) was prepared. The enzyme activity was expressed as J..Lg Glucose g"1 leaf tissue 

min"1 
. 

3.16.7. Catalase (CAT; E.C. 1.11.1.6.) 

For extraction of catalase, tea leaf tissue (I g) was crushed in mortar with pestle 

m 5ml of O.l(M) sodium phosphate buffer ( pH 7.0) on ice with addition of a pinch 

insoluble PVP and sea sand. The homogenate was centrifuged immediately at 15,000 

r.p.m. for 20 min. at 4°C. After centtjfugation, the supernatant was collected and used 

immediately for assay. Catalase activity was determined by the method as described by 

Malolepsza and Rozalska(2005). The reaction mixture contained 2.9 ml 0.05 M sodium 

phosphate buffer (pH 7.0), lOf!l of 4 mM H202 and 20J.!l of plant extract. The 

consumption of H202 was monitored spectrophotometrically at 240nm. Enzyme activity 

was expressed as the decrease in absorbance at 240nm mg"1 protein min."1 (AA24o mg-1 

proteinmin. "). 

3.16.8. Ascorbate Peroxidase (APX; E.C. 1.11.1.11. ) 

For extraction of catalase, tea leaf tissue (I g) was crushed in mortar with pestle in . 

. 5ml of 0.1(M) sodium phosphate buffer ( pH 7.0) on ice with addition of a pinch 

insoluble PVP and sea sand. The homogenate was centrifuged immediately at 15,000 

r.p.m. for 20 min. at 4°C. After centrifugation, the supernatant was collected and used 

immediately for assay. Ascorbate peroxidase activity was determined by the method as 

described by Zhou eta! (2005). The reaction mixture contained 2.9 ml 0.05 M sodium 

phosphate buffer (pH 7.0), lOf!l of 4 mM H20 2, and 50f!l of ascorbic acid (0.01g 

ascorbic acid in 10 ml double distilled water) and 20111 ofplant extract. The consumption 
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of ascorbic acid was monitored spectrophotometrically at 290nm. Enzyme activity was 

expressed as the decrease in absorbance at 290nm mg·1 protein min.-1 (~A290mg·1 protein 

. -1) mm .. 

3.17. Isozyme analysis by Native PAGE 

The extraction of POX and PPO was conducted as described earlier for each 

enzyme separately. Casting and running of the Native PAGE was performed according to 

the method of Davis (1967), followed by staining of the gels for POX and PPO 

separately. 

3.17.1. Preparation of stock solutions 

Solution A Acrylamide stock solution (Resolving gel) 

28 g of acrylamide and 0.74 g of N'N' methylene bis acrylamide was 

dissolved in 1 OOml of warm double distilled water. The stock solution was 

filtered with Whatman No.1 filter paper and stored at 4°C in a dark bottle. 

Solution B. Acrylamide stock solution (Stacking gel) 

10 g of acrylamide and 2.5 g of N'N' methylene bis acrylamide was dissolved 

in 1 OOml of warm double distilled water. The stock solution was filtered with 

Whatman No.1 filter paper and stored at 4°C in a dark bottle. 

Solution C. Tris - HCl (Resolving gel): 

36.6 g of Tris base was mixed with distilled water and 0.25 ml of TEMED was 

added. The pH was adjusted to 8.9 with concentrated HCI.The volume of the 

solution was made up to 100 ml with distilled water. The solution was stored at 

4°C for future use. 

Solution D. Tris- HCl (Stacking gel): 

5.98 g of Tris base was mixed with distilled water and 0.46 ml of TEMED and 

the pH was adjusted to 6.8 with concentrated HCI. The volume of the solution 

was made up to 100 ml with distilled water. The solution was stored at 4°C for 

future use. 
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Solution E. Ammonium persulphate solution: 

Fresh solution of ammonium persulphate was prepared by dissolving 0.015 g of 

ammonium persulphate in 10 ml of distilled water. 

Solution F. Riboflavin solution: 

Fresh solution of riboflavin was prepared by dissolving 0.4mg of riboflavin in 

1 Oml of distilled water. The solution was kept in a dark bottle to protect from 

sunlight. 

Solution G. Electrode buffer 

Electrode buffer was prepared freshly by dissolving 0.6g of Tris base and 2.9g 

glycine in 1L of distilled water. 

3.17 .2. Preparation of gel 

Mini slab gel was prepared. Two glass plates were thoroughly cleaned with 

dehydrated alcohol and then dried, 1.5mm thick spacers were placed between the glass 

plates on 3 sides and these were sealed with high vacuum grease and clipped thoroughly 

to prevent any leakage of the gel solution. 7. 5% resolving gel was prepared by mixing 

solutions A : C : E : dH20 in the ratio 1 : 1 : 4 : 1 by Pasteur pipette leaving sufficient 

space (comb + 1 em ) for stacking gel. The resolving gel was immediately overlayered 

with water and kept for polymerization for 2 hours. After polymerization of resolving gel 

was complete, overlay was poured off and washed with water to remove any 

unpolymerized acrylamide. 2.5% stacking gel solution was prepared by mixing solutions 

B : D : F : dH20 in the ratio 2 : 1: 1 :4. 

Stacking gel solution was poured over the resolving gel and comb was inserted 

immediately and overlayered with water. The gel was kept for polymerization for 30 min. 

in strong sunlight. After polymerization of the stacking gel the comb was removed and 

washed thoroughly. The gel was now finally mounted in the electrophoresis 

apparatus. Tris - glycine buffer was added sufficiently in both upper and lower reservoir. 

3.17.3. Sample preparation 

Sample (32J.1l) was prepared by mixing the sample enzyme (20J.Ll) with gel loading 

dye (40% sucrose and 1% bromophenol blue in distilled water) in cyclomixer in ice.All 
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the solutions for electrophoresis were cooled. The samples were immmediately loaded in 

a pre-determined order into the bottom of the wells with a micriliter syringe. 

3.17 .4. Electrophoresis 

Electrophoresis was performed at constant 15mA current at 4°C until the dye front 

reached the bottom of the gel. 

3.17.5. Staining 

3.17.5.1. Peroxidase 

After electrophoresis, the gel was removed carefully from the glass plates and then 

stacking gel was cut off from the resolVing gel and finally stained. Staining of the gel 

was followed according to the method of Reddy and Gasber (1973). The gel was 

incubated in the aquaous (80ml) solution ofbenzidine (2.08g), acetic acid (18ml) and 3% 

H202 (1 OOml) for Smin. The reaction was stopped with 7% acetic acid after the 

appearance of bands. Analysis of POX isozymes was done immediately. 

3.17 .5.2. Polyphenoloxidase 

Staining for PPO analysis was done as described by Sadasivam and Manickam 

(1992). After equilibration of the gel for 30min. in 0.1% p-phenylenediamine in O.IM 

potassium phosphate buffer (pH 7.0) at 4°C, it was stained in IOmM catechol solution 

dissolved in O.IM potassium phosphate buffer (pH 7.0) for lh. Analysis of bands was 

done immediately after their appearance . 
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4.1. Brown blight- symptomatology and disease development 

Causal organism of brown blight is Colletotrichum gloeosporioides, anamorph 

of Glomeralla cingulata. This kind of fungi are particularly hideous as these are difficult 

to detect and prediction of disease occurrence is quite impossible. In case of brown blight 

the fungus after settling o·n the tea leaf surface, remains as an asymptomatic pathogen. 

The disease expression is activated through tissue damage or senescence. The fungus 

affects nursery saplings under favourable environmental conditions (Plate 4 , figs. A-E). 

Natural brown blight infection in the field develops on the maintenance leaves of tea 

bush and is most" revealing just after pruning (Plate 5, fig. C ). It is usually restricted to 

the tea bushes . pre-disposed to water stress. When the disease strikes, shoot initiation 

and productivity are much reduced, thus the yield is minimum. The usual symptoms of 

brown blight are the scorched leaves with minute fructifications in the form of black dots 

(Plate 5, figs. A & B). These are manifested in the form of necrotic lesions dark in 

colour in the middle portion of the leaf Gradually, the _lesions enlarge up to 1 0-15mm 

long and 5-12mm wide. They become tanned at the center with red, reddish-brown to 

yellow-orange borders, where the you~g spores develop (Plate 5, figs. D & E). Fruiting 

bodies, acervuli, can be observed as blackish spots in lesion area. The lesions lack 

concentric zonations and are randomly scattered. The lesions ultimately coalesce and the 

whole tea leaf is blighted. 

Evaluation of the damage caused by the fungus in natural conditions on the leaf 

surface was performed by scanning electron microscopy (SEM) in comparison with 

healthy tea leaves. Events occurring on leaf surface during natural infection that leads to 

damage of tea leaves were studied in order to understand the damage-causing potentials 

of G.cingulata. Dorsal surface of healthy tea leaf shows a uniform layer of epidermal 

tissue with prominent resin ducts (Plate 6 , fig. A). The whole surface is rugate and these 

rugae exhibit a compact network. There are flakes of waxy deposition at some places. 

These wax plates are irregular and arranged in clusters. There was prominent absence of 

stomata or any appendages on adaxial surface. At the initial stage of infection, where 

acervuli were only beginning to form, spores were prominently visible on the dorsal 

surface (Plate 6, figs B & C). They were ovoid to oblong, slightly dumbbell-shaped, 7-

l7Jlm in length and 2-5Jlm in width. 



Plate 4 (A-E): Tea saplings in the sleeves. (A) Healthy; (B-E) Natural 
infection (brown blight). 
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Plate 5 (A-E) : Symptoms of natural brown blight infection on tea leaves. 
(A) TV -22; (B) T -17 /1/54; (C) UP-26; (D & E) CP-111. 
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In enlarged view (Plate 6, fig.D) distinct short erect conidiophores were also visible. In 

the leaf of final infection stage, where there was a distinct demarcation between healthy 

and infected portions, the magnified view shows the distinct junction formation (Plate 6, 

figs. E&F) However, no spores were visible. When the infected dry area was scanned, 

the black acervuli were visible as black patches and no further details were discemable 

(Plate 6, figs. G & H) 

Ventral surface of healthy tea leaf just like the dorsal surface is rugate, with 

rugae exhibiting a compact network (Plate 7, figs. A & B). Wax deposits were scanty. In 

contrast to dorsal side, ventral side shows presence of numerous stomata and hairs 

(trichomes). Stomata are distinct paracytic (parallel-celled) type characterized by of two 

subsidiary cells lying parallel to the long axis of guard cells (Plate 7, fig.B). The hairs are 

simple unbranched and elongated with a broad base and narrow tip. The trichome joint 

(attachment to the leaf epidermis) is expanded. 

The initial stage of the infected leaf tissue on the ventral side shows a distinct 

junction between healthy and infected portions, where the differences between the two 

regions were marked. At the later stages, subsidiary and epidermal cells in the infected 

portion were totally disorganized and no hairs were visible (Plate 7, figs. C & D). 

Numerous spores were formed in the region surrounding the stomata (Plate 7, fig. D). 

It is thus clear from the above description that G. cingulata causes extensive 

damage to tea plants and is particularly difficult to control due to its complicated 

lifestyle. 

4.2. Characterization of G. cingulata isolates 

After thorough study of natural infection it was decided to characterize different 

isolates of G. cingulata. It is a well-known fact that variations at the morphological and 

molecular levels may exist within a particular species of fungi, especially so among the 

Colletotrichum gloeosporioides isolates. It was, therefore, considered worthwhile to 

compare the three selected sporulating isolates (GC-1, GC-2 and GC-3) for determining 

their cultural and molecular characters in order to note any variations existing within the 

species, since many strains are known to exist in nature for a single fungal species which 

may differ from each other. 



Plate 6 (A-H) : Scanning electron microscopy images of adaxial surface of tea leaf. 
(A) Healthy; (B-H) Brown blight infected tea leaves. 

68 



Plate 7 (A-D): Scanning electron microscopy images 
of abaxial surface of tea leaf. Healthy (A & B) and 
brown blight infected (C & D). 
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The three isolates of G. cingulata were obtained from three different tea varieties 

of naturally brown blight infected tea bushes maintained in open field grown Tea 

Germplasm Bank. The isolate GC-1 was obtained from naturally infected TV -22, isolate 

GC-2- from S-449 and isolate GC-3 from TV-26. These were all maintained on OMA 

slants. Koch's postulates were completed for confirmation of the disease causing 

capacity. 

For assessment of growth rate and sporulation ability, different solid media 

(PDA, RMA and OMA) in Petridishes was inoculated with 4mm diameter plugs taken 

from the pe~phery of the young fungal culture of the specified medium, incubated at 

25°C and growth rate was measured by taking readings every 24 h. Growth pattern was 

evaluated in 10 day-old cultures. While mycelial dry weight was determined for all three 

isolates grown in liquid Richard's Medium. 

Spores of the isolates grown on PDA medium after14 days of incubation were 

measured with the help of ocular micrometer. The spores of each isolate were germinated 

separately on glass surface at +25°C and relative humidity at around 90% and their 

appressorial dimensions were noted after 24h. Conidiomata, sporulation patterns and the 

various perennating structures in solid media were studied under compound microscope. 

Molecular characterization was also attempted for these isolates. Total soluble 

protein was extracted from the mycelial mats grown in RM and estimated . Protein 

profile was analysed by SDS-PAGE and compared for cultures of different ages. 

Following this, polyclonal antibodies (PAbs) were raised against the 8 day-old mycelial 

antigen of the selected isolate (GC-1) in white male rabbits. The titre of antibody was 

confirmed by immunodiffusion test. Besides, PTA-ELISA and dot blot were 

standardized using the three isolates for precise detection of G. cingulata in tea leaf 

tissues. For serological comparison of the isolates, western blot analysis was also 

performed. The single protein band which gave the strongest recognition signal, was 

identified. 

4.2.1. Growth 

Growth rates were measured in the three strains of G. cingulata in three different 

solid media- RMA, OMA and PDA. as described earlier. The results are presented in 

Table 2. It is .evident that the isolates did not differ significantly with respect to their 

growth rates in solid media. However, there were observable differences 
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Plate 8 (A-F) : Mycelial growth of G. cingulata isolates. GC-1 (A, C & E); GC-2 
(B & D) and GC-3 (F) on Richard's Medium Agar (RMA), Potato Dextrose Agar 
( C & D) and Oat Meal Agar (E & F). 
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with respect to the type of solid medium used. For all three isolates growth rate was 

highest in PDA, followed by RMA and least growth rate was observed in 0.1.\.ilA. The 

growth rates ranged from 8.13 mm day -I (GC-2 in OMA) to 11.4 mm day -1(GC-1 in 

PDA). 

Table 2: Growth rates of G. cingulata isolates in different media. 

Isolates Growth rate (mm daf1
) 

GC-1 
GC-2 
GC-3 

PDA 

11.4±0.10 
11.0±0.15 
11.0 ± 0.48 

Means ±SE, n=3 

alncubation temperature 25°C 

Analysis of variance 

Source D.F s.s 
Medium 2 13.22 
Isolates 2 0.09 
Error 4 0.04 
Total 8 13.35 

Medium a 

RMA 

9.5 ± 0.13 
9.4 ± 0.32 
9.3 ± 0.54 

--
M.S. 
6.61 
0.045 
0.01 

F 
661 
4.5 

OMA 

8.24± 0.23 
8.13 ± 0.25 
8.17 ± 0.37 

C.D (5%) 
0.23 

The patterns of growth also differed between the isolates and also depending on 

the medium used. In PDA mycelial colour was white to greyish-white, where growth 

pattern was raised and felty,_ excepting in GC-2, where it was raised and wooly (Plate 8, 

fig. D). In RMA, mycelial colour varied from white (GC-1) to greyish-white (GC-3) to 

black (GC-2) on the upper surface. Acervuli formation was observed on RMA (Plate 10, 

figs A & B). In OMA the mycelia were always digging and very sparse (Plate 8, figs. E 

& F ). Instead, bright orange acervuli formation was evident on the upper surface 

forming concentric zonations. 

Growth in liquid synthetic medium (RM) was measured for the three isolates of 

G. cingulata separately by taking dry weight. The resulting data is presented in Fig. 

1(A). The dry weight accumulated was highest 16 days after inoculation in G. cingulata, 

irrespective of the isolate. However, the dry weight values at that point differed 
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significantly among these isolates GC-1 had maximum weight (421mg), while GC-2-

minimum ( 272mg ). 

4.2.2. Sporulation 

Ability to form spores ( conidiogenesis) in artificial medium is an important 

character for a fungal species. Spores so formed will be used for various experiments in 

the present investigation. Hence, sporulation was assessed in G. cingulata isolates in the 

different media (PDA, RMA and OMA) as described earier. The results are presented in 

Fig. 1(B). Lowest amount of sporulation was in PDA, which was similar in all the 

isolates tested. OMA was the best medium for sporulation. Next best medium was RMA. 

However, GC-1 exhibited highest sporulation among the three isolates in all the culture 

media tested.Conidia appeared either on solitary phialides but normally in light brown 

sporodochia in 14 day-old cultures. A basal stromatic cushion is covered with a dense 

layer of cylindrical, slightly tapering phialides 10 to 20J...Lm long. Sometimes these are 

interspersed with dark brown, tapering septate setae (Plate 9, figs. G & H). Among the 

isolates studied, GC-1 and GC-3 showed distinct formation of sporodochia (Plate 9, figs 

A & B). The conidia were produced either on the tips of the hyphae in bunches (Plate 

9,fig. D ) or from the thickened fertile hyphae by thallic mode of conidiogenesis (Plate 9, 

fig E) so that they formed chains. In 20 day-old cultures, the mycelia formed 

perennating structures like chlamydospores in chains (Plate 10, fig. B ) and also sclerotia 

( Plate 10, figs. C & D). Chlamydospores in chains were observed in cultures of GC-2 

only. Sclerotia were found in GC-1 and GC-2. Conidia also formed microconidia (brown 

in colour) by transverse septa in these cultures (Plate 9, fig.A ). Mycelia of GC-1 and 

GC-3 became greatly thickened and brown in colour forming appressoria (Plate 9, figs. C 

& F). In 14 day-old cultures of all the three isolates, these mycelia aggregated into 

acervuli with setae (Plate 9, figs. G & H). GC-1 formed pycnidia-like ovoid fruit bodies 

with an opening (Plate 10, figs.E & F), revealing presence of spores when squashed. 

4.2.3. Spore morphology 

Conidia were hyaline aseptate cylindrical with a rounded apex and slightly 

truncated base (Plate 9, fig I). Truncate base is especially evident in Scanning Electron 

Microscopy images (Plate 10, figs: J & K). Spore dimensions were always measured 

from spores grown in PDA. There was a great range in length of the conidia even within 

each isolate, as observed from standard deviation values in Table 3. Between the isolates, 
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Fig.l (A & B): Mycelial growth (A) and sporulation (B) of G. cingulata 
isolates 
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mean conidial length was shortest in GC-3 (11.93 Jlm) and longest in GC-1 (14.12 Jlril). 

The mean width of conidia did not vary much among the isolates, the widest being in 

GC-2 (5.22 Jlm) and the narrowest in GC-1 (4.91 Jlm). 

Table 3: Spore size and dimensions of appressoria of G. cingulata isolates grown 

in PDA. 

Isolate 

GC-1 
GC-2 
GC-3 

Spore sizea,d(Jlm) 

Length Width 

14.12 ± 1.1 4.91 ± 0.0 
13.60 ± 0.9 5.22 ± 0.1 
11.93 ± 1.2 5.00 ± 0.1 

Appressorium sizeb,c(Jlm) 

Length 

12.54 ± 0.2 
10.40 ± 0.4 
10.47 ± 0.3 

Width 

7.56 ± 0.1 
5.90 ± 0.1 
5.95 ± 0.1 

Means± SD; Average of300 spores per isolate in three independent experiments 

aSpores used were the ungerminated conidia of G. cingulata from a 14 day-old culture 

grown on PDA alncubation temperature 25°C 

4.2.4. Appresssoria 

Appressorial morphology and size serves as an important taxonomic character. 

Therefore, mean dimensions of these structures were measured. Besides, these are 

important for pathogenicity of the fungus. The appressoria were studied from glass 

surface germinated conidia after 24 h of incubation (Plate 10, figs G-1). These were all 

irregularly rounded and brown in colour. Mean dimensions of appressoria varied from 

10.4 x 5.9 Jlm in GC-2 to 12.54 x 7.56 Jlm in GC-1 as presented in Table 3. Thus, it ·is 

evident that GC-1 exhibited largest appressoria. 

4.2.5. Protein content 

Quantitative protein analysis of the mycelial antigen of G. cingulata isolates 

prepared as described in Materials and Methods, was done at 4 day intervals, revealed 

that 12 day- old culture of GC-1 had the highest protein content of 25.3mg g"1 fresh 

tissue. The results are presented in Table 4. It is clear that GC-1 exhibited high total 

protein content from 4th to 12th day ofmcubation. On the other hand, for GC-2 and GC-3 

total protein accumulation up to 12th day of incubation was less than in GC-1. 
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Plate 9 (A-I): Sporulation of G. cingulata isolates. (A & B) Formation of sporodochia 
( C & F) appressoriate mycelia; ( D & E) conidia formation; ( G & H) setose acervuli; 
(I) conidia. GC-1 (A, C,D, G, &J); GC-2(H); GC-3 (B,E,F &H). 
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Plate 10 (A-K): Reproductive structures of G. cingulata isolates 
(A) microconidia; (B) chlamydospores; (C & D) sclerotia; (E & F) pycnidia
like fruit bodies; (G-1 ) germinated conidia with appressoria under light 
microscope; (J-K) conidia under Scanning Electron Microscope ; GC-1 (D, E, 
G, J & K); GC-2 (A, B, C & H); GC-3 (F & 1). 

77 



~ 

Table 4: Protein content of G. cingulata isolates at different time intervals. 

Isolates Protein content (mg protein g- fresh weight) 

GC-1 
GC-2 
GC-3 

4 

12.0 ± 1.5 
09.5 ± 2.3 
07.8 ±2.2 

Means ±SE, n=3 
aincubation temperature 25°C 

Analysis of variance 

Source D.F 
Incubation 4 
period 
Isolates 2 
Error 8 
Total 14 

4.2.6. SDS-PAGE. 

Incubation period (dayst 

8 

22.5 ± 1.3 
15.6 ± 1.6 
12.2 ± 2.5 

s.s 
274.24 

47.32 
41.61 

363.17 

12 

25.3±2.1 
20.3 ±2.2 
20.1 ± 1.3 

M.S. 
68.56 

23.66 
05.20 

16 

14.0 ± 1.7 
12.3 ± 1.3 
15.6 ± 2.3 

20 

12.6 ± 2.2 
10.6 ± 2.5 
11.2 ± 1.1 

F C.D (5%) 
13.18 4.29 

04.55 
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Protein patterns on SDS-PAGE were studied for the three strains at 4-day 

intervals. Qualitative analysis by SDS-P AGE showed that there are 10 soluble proteins 

in 4-days old culture of GC-1 (Plate 11, fig.A, Table 5). In GC-2 there were only eight 

bands and GC-3 only five. Thirteen more protein bands appeared in 8 day-old culture of 

GC-1 making a total of 23 bands. GC-3 exhibited a new band of ca 83.4 k:Da, while 

bands of ca 116.0 and 97.4k:Da were lacking (Plate 11, figs A-C). On the other hand, 

eight day-old culture of GC-2 revealed only 15 bands. In 12 day-old cultures, however, 

there was a loss of one protein band of27.2k:Da in GC-1 and GC-3. Isolate GC-2, on the 

other hand, showed recovery of many proteins at this stage and there were 21 bands 

observed (Plate 11, fig.B). Only 97.4 k:Da band was absent in this case. Proteins 

. extracted from 16 and 20 days old cultures indicated further deterioration of protein 

quality (Table 5 ). Identical protein profiles were exhibited by GC-1 and GC-2 isolates, 

while in GC-3 two low molecular weight proteins (14 and 21 k:Da) were lacking. It is 

quite clear that GC-1 showed maximum number of protein bands in 8 day-old cultures. 
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Plate 11 (A-C) : SDS-PAGE analysis of mycelial protein of 
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2 ( 4 day-old); Lanes 3 & 4 ( 8 day-old); Lanes 5 & 6 (12 day-old) 
M-Marker. 

79 



80 

Table 5: Molecular weights of soluble proteins (kDa) of G. cingulata grown on RM 

as revealed by SDS-PAGE. 

Isolate 

GC-1 

GC-2 

GC-3 

Incubation Molecular weight (kDa) 
period (days) 

4 68.4, 64.0, 60.3, 40.5, 39.0, 38.0, 26.0, 20.0, 17.3, 14.0 (10) 

8 116.0, 97.4, 68.4, 64.0' 60.3, 52.6, 43.0, 40.0, 39.0, 38.5, 35.0, 
32.5, 29.0, 27.2, 26.0, 24.0, 20.0,19.0, 17.3, 16.6, 15.9,14.0,6.5(23) 

12 . 116.0, 97.4, 68.4, 64.0, 60.3, 52.6, 43.0, 40.0, 39.0, 38.5, 35.0, 
32.5, 29.0, 26.0, 23.3, 20.0, 19.0, 17.3, 16.6, 15.9, 14.0, 6.5(22) 

16 68.4, 60.3, 52.6, 39.0, 38.5, 20.0, 14.0 (7) 

20 . 60.3, 39.0, 20.0, 14.0 (4) 

4 

8 

64.0, 60.3, 40.5, 39.0, 38.5, 26.0, 20.0, 17.3 (8) 

52.6, 43.0, 40.0, 38.5, 35.0, 27.2, 26.0, 24.0, 20.0,19.0, 17.3,16.6, 
15.9, 14.0, 6.5 (15) 

12 116.0, 68:4, 64.0, 60.3, 52.6, 43.0, 40.0, 39.0, 38.5, 35.0, 32.5, 29.0, 
26.0, 24.0, 20.0, 19.0, 17.3, 16.6, 15.9, 14.0, 6.5(21) 

16 68.4, 60.3, 52.6, 39.0, 38.5, 20.0, 14.0 (7) 

20 60.3, 39.0, 20.0, 14.0 (4) 

4 

8 

60.3, 40.0, 39.0, 38.5, 20.0 (5) 

83.4, 64.0 '60.3, 52.6, 43.0, 40.0, 38.5, 35.0, 27.2, 26.0, 24.0, 
20.0,19.0, 17.3, 16.6, 15.9, 14.0, 6.5 (18) 

12 64.0, 60.3, 52.6, 43.0, 40.0, 39.0, 38.5, 35.0, 29.0, 26.0, 23.3, 
21.0, 19.3, 17.3, 16.6, 15.9, 14.0, 6.5 (17) 

16 68.4, 60.3, 52.6, 39.0, 38.5 (5) 

20 60.3, 39.0 (2) 

Values in parenthesis indicate the number of bands. 
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4.2. 7. Serological relatedness 

The antigen used for the preparation of polyclonal antibody was protein extracted 

from the 8 day-old mycelia of GC-1 , since it was found to be best both quantitatively 

and qualitatively. Besides, GC-1 was superior than the other two isolates regarding the 

characters like growth rate, sporulation potential and perithecia formation. P Abs were 

raised in white male rabbits as described earlier. IgG was purified and fractions 

collected. Protein concentration of each fraction was determined from the following 

formula: 

Protein concentration (mg ml-1
) =1.55 x A 280 - 0. 76 x A 260. 

The fractions with protein concentration greater than 2 mg ml-1 were kept for further 

experiments, while others were discarded. Evaluation of IgG quality from different 

bleeds was done initially by immunodiffusion against GC-1, GC-2 and GC-3. Two tools 

for immunodetection - ELISA and dot blot were standardised for antigen and antibody 

concentration. Western blot of SDS-resolved antigen proteins was performed for the 

three strains. 

4.2. 7.1. Immunodiffusion 

Polyclonal antibodies from 1 si, 2nd, 3rd, 4thand 5th bleeds were evaluated. The 

P Abs from 3rd and 4th blood were found to be most effective. Therefore, IgGs obtained 

from 3rd and 4th bleeds were pooled and used for further immunological experiments. 

Comparison of immunodiffusion pattern of the three isolates (Plate 12, fig. A) indicates 

that GC-1 has maximum number of common antigenic determinants with this IgG, while 

GC-2 had the lowest. 

4.2.7.2. Optimization ofPTA-ELISA 

Optimization of ELISA was done considering two variables - dilution of the 

antigen extract and dilution ofthe antiserum to obtain maximum sensitivity. 

4.2.7.2.1. Enzyme dilution 

Antigen concentration ( 1 OJ.Lg/ml) and antiserum dilution ( 1: 125) were kept 

constant, and different dilution of enzyme (alkaline phosphatase) were used ranging from · 

1:10,000 to 1:40,000. On the basis of results 1:10,000 of enzyme (alkaline phosphatase) 

dilution was selected for further experiments. 
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4.2. 7 .2.2. Antibody dilution 

PTA-ELISA reactions with different dilutions of antibody ranging from 1 : 16,000 to 

1 : 125 were determined at antigen concentration 60J,lg ml-1
. Absorbance values 

decreased with increasing dilution (Fig. 2 A) . Absorbance values in ELISA decreased 

from the dilution of 1:125 to 1: 16,000. Highest absorbance value (2.928) was obtained 

with 1 : 125 antiserum dilution. Thus, for optimum results, 1 : 125 dilution of antibody· 

was used in all the immunological experiments . 

4.2. 7 .2.3. Antigen dilution 

Doubling dilutions of G. cingulata mycelial antigen (extracted from 8 day-old 

GC-1 mycelia) ranging from 162.5 to 48,000ng/ml were tested against two antiserum 

dilutions (1: 125 and 1: 250). The results are presented in Fig. 2B. ELISA values 

increased with increasing concentration of antigen. Absorbance value of 0.9 were 

obtained in case of 1 : 125 dilution for antigen concentration as low as 81.25 ng/ml. 

Higher values were obtained for 1 : 125 dilution than 1 : 250. The absorbance values 

greater than 3 were obtained when the saturation was reached. After that the accuracy 

reduced, as the absorbance decreased on increasing concentration of antigen. The 

standard error also increased from 60J.Lg ml-1 onwards. Thus, this antigen concentration 

was taken to determine the optimum antibody dilution 

4.2.7.3. PTA-ELISA 

After optimization of ELISA, PTA-ELISA was conducted against the three 

isolates separately . The results obtained (Table 6) show that the mean absorbance value 

was highest in case of GC-1. 

4.2. 7 .4. Dot Blot 
No differences in the dot intensity was revealed when G. cingulata isolates were 

probed separately with PAb of G. cingulata (Plate 12, fig.B ). Therefore, it was 

concluded that P Ab raised is sensitive enough to detect at least three starains of G. 

cingulata, in spite of their differences. 
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Fig. 2 (A & B): Optimization ofPTA-ELISA for antiserum dilution (A) 

and antigen concentration (B). 

83 



Table 6: PTA-ELISA value and molecular weights of soluble proteins of 

G. cingulata isolates probed with PAb ofGC-1. 

Isolate* PTA-ELISA 

~05 

GC-1 2.84 ± 0.062 

GC-2 1.68± 0.053 

GC-3 1.93 ± 0.067 

PAb ofGC-1 

Western Blot 

Molecular weight (kDa) 

40.0, 38.5, 35.0, 32.0, 24.0, 20.0, 19.0 (7) 

40.0, 38.5, 35.0, 24.0 (4) 

40.0, 38.5, 35.0, 32.0, 24.0, 20.0, 19.0 (7) 

84 

* 8 day-old cultures grown on RM were used in each case ; Values in parenthesis 

indicate the number ofbands 

4.2. 7.5. Western Blot 

Antigens extracted from 8 day-old cultures of G. cingulata isolates revealed 

some differences on Western blots after probing with PAb ofGC-1, which indicates the 

subtle differences in the antigenic properties of the isolates. The reference isolate (GC-1) 

exhibited maximum number of bands on the Western blot (Plate 12, fig.D ). When 

compared with corresponding SDS-PAGE stained with coomassie blue (Plate 12, fig. 

C), the blotted bands were revealed as presented in Table 6. Around seven bands of ca 

40.0, 38.5, 35.0, 32.0, 24.0, 20.D and 19.0 kDa could be identified on the blot, but many 

of these were pale and diffuse. Two bands (ca 20 and 19 kDa) were totally lacking in GC-

2, while very faint images of these were present in GC-3. Three bands (ca 24, 35.0 and 

40 kDa) were prominent in all isolates. The 24 kDa protein was the most prominent, 

which gave the strongest recognition signal. 

4.3. Screening of resistance of Camellia sinensis towards G. cingulata 

It is well recognized that pathogenic variability poses difficulty in development 

and deployment of effective host resistance, which is a dependable and economic means 

of disease management. Besides, it is known to hinder the efforts to deploy host 

resistance as long-term plant disease control strategy. There should be efficient means of 

screening this resistance found naturally in the germplasm (pre-formed resistance). 
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Plate 12 (A-C) : Serological comparison among isolates of G. cingulata using PAb 
ofGC-1 and antigen ofthree isolates. (A) Immunodiffusion; (B) dot immunobinding 
assay; (C) SDS-PAGE profile of mycelial antigen; (D) Western Blot analysis 
[Central wells ( A1, A2 & A3)- PAb of GC-1; peripheral wells ( a1, ~ & ~)-mycelial 
antigen ofisolates GC-1, GC-2 and GC-3 respectively]. 
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Before going into molecular mechanism of plant-pathogen interaction, at the outset, 

eighteen tea varieties (TV-18, TV-22; TV-25, TV-26, TV-29, TV-30, T-17/1/54, CP-

1/1, BS/7N76, P-312, AV-2, TS-449, UP-2, UP-3, UP-9, UP- 26, BSS-2 and BSS-3) as 

mentioned in Materials and Methods, were used to identify the disease reaction towards 

the isolates of G. cingulata. The data was collected from 50 leaves of each variety after 

every interval separately for each isolate. Experiments were repeated thrice. For whole 

plant inoculation, disease incidence was scored by disease ind_ex. Twenty plants were 

used for screening in three independent experiments for each variety. Disease assessment 

was done after 25, 30 and 35 days of inoculation on the basis of appearance of symptoms 

as mentioned earlier. Screening was also~ done using immunoenzymatic formats - ELISA 

and Dot Immunobinding Assay (DIBA), which were less time consuming and more 

accurate. The results of pathogenicity tests and immunoenzymatic assays were compared 

and correlation was drawn on the basis of correlation studies (Karl-Person's Correlation 

coefficient). 

4.3.1. Pathogenicity tests 

4.3.1.1. Detached leaf 
-

Artificial inoculation of detached leaves of eighteen tea varieties was carried out 

by spore suspension of G. cingulata (isolates GC-1, GC-2 and GC-3) separately as 

described presented in Plate 13, figs A-E . Assessment of inoculation infectivity and 

symptom development was done after 48, 72 and 96 hours after inoculation, on the basis 

of percent drops that resulted in disease lesion production. Results (Table 7, Fig. 3 A-C) 

revealed that T-17, TV-22, UP-26, BSS-3, AV-2 and CP-1/1 showed susceptibility on 

inoculation with all isolates. On the other hand, resistant reaction was shown by TV-30, 

TV-29, UP-2, BS/7N76 and S-449. The remaining varieties showed moderately 

susceptible or resistant reactions. It is thus evident from Figure 3 (A-C) that TV-22 and 

T -17 were the most susceptible (exhibiting compatible reaction). TV -30, UP-2 and TS-

449, on the other hand, were the most resistant (exhibiting incompatible reaction). There 

was a slight difference in the pathogenicity of different isolates. It is clear from the 

results that GC-1 is the most virulent, while GC-2 - the least virulent. Therefore, GC-1 

was selected for further experiments. 
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4.3.1.1. Whole plant 

Eighteen varieties of well established pot grown tea plants were inoculated with 

spore suspension ofG. cingulata (GC-1). In TV-22, UP-26, BSS-3, AV-2 and CP-1J1 

and T -17 disease intensity was high at each interval in comparison to the other varieties 

(Table 8 , Figure 4A ). Restricted lesions, in contrast, were noticed in TV-30, UP-2 and 

BS/7 N76. The degree of susceptibility or resistance in the other varieties against 

G. cingulata was moderate. Besides, the Disease index (DI) of the 18 varieties was 

correlated with the percentage lesion formation in detached leaf method. The scatter· 

diagram together with the regression line and regression equation is presented in Figure 

4B. Linear relationship with positive slope is indicative of positive correlation between 

the values at the three intervals. Karl Pearson's correlation coefficient in this case was 

calculated as 0.719936, which was significant at P=0.05level. 

Results obtained from varietal resistance test performed on 18 tea varieties against 

G.cingulata (GC-1) following detached leaf and whole plant inoculation technique 

indicated that six varieties (TV-22, T-17/1/54, BSS-3~ UP-26, CP-111 and AV-2) were 

highly susceptible, two varieties (TV-30 and BS/7N76) were highly resistant, only one 

was moderately susceptible (UP-3), while the remaining nine varieties were moderately 

resistant. 

4.3.2. Immunoenzymatic assays 

G. cingulata is a pathogen with prolonged phase of quiescence or latency after 

ingress, which makes it difficult to detect. Whole plant inoculation screening requires 

around one month for symptoms to be significantly visible. The detection of fungal 

pathogen in tissues before the symptoms appear is possible by immunological methods 

like ELISA and Dot Immunobinding Assay. 

4.3.2.1. PTA-ELISA 

The antigen was extracted from healthy and G. cingulata inoculated tea leaf tissues 

of the 18 tea varieties as described in Materials and Methods. These were hybridized 

with the IgG raised against G. cingulata and screened by PTA-ELISA formats as 

described earlier. The antigen concentration was adjusted to 60j..tg/ml. The results 

presented in Table 9, were correlated with the pathogenicity test values in case infected 
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Table 7 : Pathogenicity test of G.cingulata isolates on detached tea leaves. 

Variety % Lesion fonnation 

48 
Hours post inoculation 

72 

GC-1 GC-2 GC-3 GC-1 GC-2 GC-3 

Tocklai 
TV-18 

TV-22 

TV-25 

TV-26 

TV-29 

TV-30 

35.0 24.6 36.7 41.0 
±1.9 ±1.4 ±2.3 ±2.5 

35.3 
±2.9 

52.9 45.2 49.8 77.2 55.3 
±4.5 ±3.8 ±4.2 ±4.8 ±2.2 

26.7 05.0 11.6 32.0 12.9" 
±1.8 ±1.8 ±2.1 ±2.6 ±2.7· 

19.0 10.9 15.2 39.0 17.5 
±2.7 ±3.5 ±3.1 ±2.6 ±2.0 

15.9 09.8 10.3 25.5 11.6 
±2.3 ±3.5 ±3.2 ±2.1 ±3.2 

06.3 01.3 06.3 20.4 13.5 
±0.5 ±3.8 ±3.5 ±3.7 ±2.2 

42.6 
±3.0 

66.0 
±3.8 

15.8 
±3.5 

24.3 
±1.8 

13.6 
±2.7 

15.9 
±3.5 

T-17 70.3 53.7 63.7 95.5 59.5 77.1 
±2. I ±3.8 ±2.5 ±2.8 ±2.2 ±3.8 

UPASI 
BSS-2 30.6 02.1 12.8 31.3 18.2 20.2 

±1.1 ±1.0 ±3.0 ±2.0 ±2.9 ±3.5 

BSS-3 52.7 
±4.3 

UP-2 13.5 
±1.5 

UP-3 11.3 
±3.1 

UP-26 24.0 

UP-9 

±2.2 

15.1 
±3.7 

Darjeeling 
BS/7 A/76 05.0 

±1.7 

TS-449 7.2 
±1.5 

CP-111 42.3 
±2.2 

P- 312 22.3 
±1.6 

AV-2 28.0 
±2.3 

40.9 42.3 64.4 48.5 
±2.8 ±4.2 ±3.9 ±2.2 

01.9 07.1 33.1 20.6 
±0.8 ±2.0 ±3.5 ±2.2 

13.9 15.7 50.6 22.3 
±2.9 

15.6 
±1.8 

10.9 
±2.8 

01.2 
±0.7 

05.1 
±2.0 

32.8 
±4.1 

20.6 
±2.8 

21.9 
±3.7 

±4.0 ±4.1 

17.6 75.6 
±4.0 ±3.8 

11.3 40.0 
±4.0 ±4.5 

05.0 20.4 
±4.0 ±2.4 

±2.2 

39.8 
±2.2 

12.9 
±2.2 

02.5 
±2.0 

06.3 31.0 15.9 
±4.0 ±3.1 ±2.9 

20.1 63.2 46.3 
±4.0 ±3.2 ±2.2 

21.9 35.3 24.3 
±4.0 ±1.7 ±2.2 

24.9 45.0 . 32.6 
±4.0 ±3.5 ±2.25 

49.1 
±3.8 

10.9 
±3.8 

25.6 
±3.8 

40.3 
±3.8 

22.9 
±3.8 

20.4 
±3.8 

25.4 
±3.8 

47.6 
±3.8 

27.6 
±3.2 

35.2 
±3.1 

96 

GC-1 GC-2 GC-3 

43.4 
±2.7 

94.1 
±3.5 

32.6 
±4.0 

40.2 
±3.3 

36.4 
±4.2 

23.4. 
±2.9 

96.4 
±2.2 

32.4 
±3.1 

67.2 
±2.5 

33.2 
±2.4 

53.0 
±2.4 

78.9 
±3.5 

41.9 
±1.9 

22.5 
±2.6 

33.1 
±1.4 

67.3 
±2.1 

36.3 
±3.7 

65.2 
±3.4 

40.9 46.9 
±2.9 ±3.1 

56.4 68.7 
±2.7 ±3.4 

22.4 27.8 
±2.5 ±3.3 

24.1 35.9 
±2.2 ±3.8 

12.1 15.9 
±3.5 ±3.4 

13.6 22.5 
±3.4 ±3.0 

61.2 
±2.0 

18.5 
±3.0 

50.3 
±4.1 

25.7 
±4.0 

31.7 
±2.7 

42.6 
±2.7 

21.4 
±1.7 

08.9 
±2.3 

28.4 
±2.7 

54.1 
±2.8 

26.1 
±2.5 

55.4 
±2.9 

80.4 
±3.4 

31.5 
±3.2 

60.7 
±3.0 

15.7 
±3.9 

33.5 
±2.4 

49.3 
±4.4 

31.6 
±3.9 

22.5 
±3.7 

32.6 
±2.4 

65.3 
±3.5 

30.1 
±3.6 

67.8 
±3.4 

Disease 
Reaction 

MS 

s 

MR 

MR 

MR 

R 

s 

MR 

s 

MR 

MS 

s 

MR 

R 

MR 

s 

MR 

s 

*Data are the mean of 200 inoculum droplets made on 50 leaves of each variety; ±SE; R - Resistant (0 -
25%) ; MR- Moderately resistant (26%- 45%) 
MS- Moderately susceptible (46%- 65%) ; S- Susceptible(>65%) 
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A B 

c D 

E F 

Plate 13 (A-F) : Lesion development on tea varieties P-312 (A), TV -29 (B), T -17/111 
(C& F), TV-18 (D), and TV-22 (E) 48 hours post inoculation with G. cingulata isolates 
GC-1 (A & B), GC-2 (C & D) and GC-3 (E & F) ;[left- healthy; right inoculated with 
G. Cingulata]. 
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l!l48h l!l72h D 96h 

Varieties 
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GC-2 

Varieties 
B 

GC-3 

Varieties _c 

Fig. 3 (A-C): Screening of resistance of tea varieties against 
G. cingulata isolates. 
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leaves. There was a positive correlation coefficient (r= 0.986), which was significant at 

P=O.OS level. The scatter diagram and regression line are presented in Fig 4C. The 

varieties showing greater susceptibility had higher PTA-ELISA values, while those with 

greater resistance showed lower absorbance values. 

Table 8: Screening of tea varieties against G.cingulata in potted plants. 

Mean disease index/plant 

Tea varieties Days after inoculation 
25 30 35 

Tocklai 
TV-18 0.14±0.04 0.84 ±0.07 2.23 ±0.07 
TV-22 0.98 ±0.17 4.48 ±0.15 6.40 ±0.06 
TV-25 1.06 ± 0.09 3.67 ± 0.12 4.09 ±0.13 
TV-26 0.45 ±0.14 2.49±0.14 3.80 ±0.16 
TV-29 0.30 ±0.05 1.48 ± 0.12 3.45 ±0.16 
TV-30 0.11 ±0.07 0.38 ± 0.02 1.05±0.17 
T-17/1/54 1.35 ±0.12 3.85 ± 0.16 5.64 ±0.14 

UPASI 
BSS-2 0.21 ±0.04 0.75 ±0.05 1.11±0.11 
BSS-3 1.26 ± 0.14 3.88 ± 0.16 5.58 ±0.12 
UP-2 1.18 ±0.03 2.89 ±0.04 3.96 ±0.03 
UP-3 1.11 ±0.02 2.56 ±0.03 4.89 ±0.06 
UP-9 1.32 ±0.13 2.47 ± 0.11 3.48±0.12 
UP-26 1.21 ±0.14 2.75 ±0.05 6.10±0.11 

Darjeeling 
BS/7N76 0.16±0.01 0.81 ±0.04 0.98 ±0.03 
TS-449 1.34 ±0.14 2.78 ±0.16 3.47±0.17 
CP-111 1.45 ± 0.11 3.55±0.17 4.96 ±0.16 
P-312 0.56 ± 0.21 1.86 ± 0.31 3.55 ± 0.22 
AV-2 0.89 ± 0.10 2.87 ± 0.41 5.79 ± 0.13 

± SE, n=3 ; ten plants were used per experiment 

Analysis of variance 

Source D.F s.s M.S. F C.D 
( 5°/o) 

Varieties 17 60.13 3.54 06.32 1.24 
Incubation 2 85.80 42.90 76.61 
period 
Error 34 19.10 0.56 
Total 53 165.03 
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4.3.2.2. Dot lmmmunobinding assay 

For DffiA, total soluble protein extracts were prepared from healthy and artificially 

inoculated leaves of eighteen different tea varieties. Dot immunobinding assay was 

performed using these antigen preparation with IgG of G. cingulata. Antigens were 

carefully spotted on nitrocellulose paper and probed with this IgG. Results have been 

presented in Table 10. Clear and intense colour reactions were observed in case of 

homologous antigens ofGC-1, GC-2 and GC-3, as noted in the prevoious chapter. In case 

of non-homologous reaction, there was wide variation in the intensity of the dots. 

Greater colour intensity was noticed in TV -22 and T -17 varieties which showed 

susceptible reactionsin varietal resistant test. TV-30 and BS/7N76, on the other hand 

showed insignificant colour. These were incompatible with G. cingulata. 

The 18 tea varieties showed differences in disease reaction against G. cingulata 

infection. The results obtained were similar whether assessed by the traditional methods 

or by immunological means, which conclusively proved that T -17 and TV -22 were 

highly susceptible while TV-30 and BS/7N76 were highly resistant. 

4.4. Disease reaction elicited by G. cingulata spore and cell wall and its 

characterization. 

In the previous chapters the isolates were characterized, their virulence 

assessed and the single isolate (GC-1) was selected for further studies. It was now 

decided to study the disease reaction at light microscope level in susceptible and 

resistant (TV-30) leaf tissues. For the purpose, the tea leaves of TV-22 (susceptible 

variety) and TV-30 (resistant variety) were artificially inoculated separately on both

dorsal and ventral sui-faces. The inoculated portions were cut out at 6, 18,24 and 

48hours after inoculation, cleared as described earlier and studied. Three samples were 

studied per treatment and the typical results presented. Percentage of germinated spores, 

appressoria formation and germ tube length were recorded in each case. A drop of same 

spore suspension was kept on glass surface and spore germination process recorded at 

same intervals. This served as surface control. Incubation temperature was maintained at 
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+25°C and relative humidity at around 90% throughout the experiment to provide 

uniform and optimum germination conditions. 

Table 9: PTA-ELISA reaction values of healthy and G. cingulata inoculated leaves 
of tea using PAb of G. cingulata 

Antigen 
(50 ll8 rnl"1

) 

Leaf: 
Varieties 

Tocklai 

TV-18 
TV-22 
TV-25 
TV-26 
TV-29 
TV-30 
T- 17/1/54 

UP ASI 
BSS-2 
BSS-3 
UP-2 
UP-3 
UP-9 
UP-26 

Darjeeling 
BS/7A/76 
s -449 
CP-1/1 
P- 312 
AV-2 

Healthy 

0.572 ± 0.048 
0.699 ± 0.051 
0.492 ± 0.055 
0.459 ± 0.054 
0.442 ± 0.047 
0.356 ± 0.039 
0.659 ± 0.031 

. 0.575 ± 0.066 
0.627 ± 0.063 
0.414 ± 0.064 
0.404 ± 0.061 
0.436 ± 0.067 
0.502 ± 0.055 

0.329 ± 0.062 
0.362 ± 0.063 
0.579 ± 0.058 
0.452 ± 0.049 
0.562 ± 0.039 

PAb of G. cingula! a 

Atos 

Inoculated with G. cingulata • 

0.996 ± 0.044 
1.250 ± 0.051 
0.955 ± 0.039 
0.918 ± 0.058 
0.927 ± 0.033 
0.859 ± 0.035 
1.506 ± 0.030 

1.023 ± 0.044 
1.280 ± 0.041 
0.911 ± 0.035 
0.902 ± 0.056 
0.920 ± 0.047 
0.954 ± 0.058 

0.828 ± 0.044 
0.867 ± 0.047 
1.026 ± 0.036 
0.920 ± 0.041 
1.013 ± 0.038 

48 hours after inoculation with GC-1 isolate. 
Note: Homologous reaction with antigen of G. cingulata (GC-1) and PAb ofGC-1 

gave ELISA value of 2. 84 at ~os 

Fungal cell wall is an important participant of plant-pathogen interactions, since it 

comes directly in contact with the plant tissues right after spore germination. Besides, 

cell wall fragments have been implicated as elicitors of antifungal compounds arid 

recently, as inducers of resistance response. It was therefore, decided to examine 

whether any fungitoxic compounds were elicited by the cell wall in both- compatible 

and incompatible interactions. Besides, the kind of disease reaction, if any, elicited by 

the cell wall, was recorded. Lastly, the mycelial cell wall extract was analysed and 

characterized biochemically to confirm its nature. 
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Table 10: Dot immunobinding assay of healthy and G. cingulata inoculated leaves of 
tea using PAb of G. cingulata 

Antigen 
(50 Jlg ml"1

) 

Leaf: 

PAb of G. cingulata 
Colour intensity 

Varieties Healthy Inoculated with G. cingulata* 

Tocklai 

TV-18 
TV-22 
TV-25 
TV-26 
TV-29 
TV-30 
T- 17/1/54 

UPASI 

BSS-2 
BSS-3 
UP-2 
UP-3 
UP-9 
UP26 

Darjeeling 

BS/7A/76 
s -449 
CP-1/1 
P- 312 
AV-2 

Mycelia: 
Glomerella cingulata 

+ 
++ 
±, 
+ 
+ 
± 
++ 

,. 

+ 
++ 
± 
+ 
++ 
++ 

± 
± 
+++ 
+ 
++ 

++++ 

++ 
++++ 
+ 
++ 
++ 
+ 
++++ 

++ 
+++ 
+ 
++ 
+++ 
++++ 

+ 
+ 
++++ 
+++ 
+++ 

Colour intensity of dots: + + light violet; + + + violet; + + + + deep violet; ± 
insignificant; -no colour reaction; NBT/BCIP used as substrate; PAb (1: 125) 

*48 hours post inoculation with GC-1. 



96 

4.4.1. Spore of G. cingulata 

The study of infection process was done in vitro. The mode of infection was 

studied in artifiCially inoculated detached leaves of two varieties - TV-22 (susceptible) 

and TV-30 (resistant) on dorsal and ventral surfaces as described earlier. The portions 

of inoculated tissues were decolorized after definite time periods, stained and observed 

under microscope. The data regarding the progress of spore germination is presented in 

Fig. 5(A-C). 

The spores were found to have germinated producing distinct germ tubes 6 hours 

after inoculation (Plate 14, figs A & B) in case of glass slide germination as well as 

dorsal surfaces of tea leaves. Microconidiation was visible on the surface of resistant 

variety (Plate 14, fig. A). Germ tube length was also much smaller in this case. 

Germination was not initiated on the ventral surface of tea leaves in TV-30, while in TV-

22 there was formation of germ tubes. Bipolar germination was observed on leaf 

surfaces. Many conidia became septate during germination. Numerous darkly melanized 

appressoria were produced 18 hours after inoculation (Plate 14, fig. D) on glass and TV-

22 leaf surface. At 24 hours after inoculation the percentage of appressoria formation 

reached its peak. However, it was highest on ventral surface of TV-22 (74.2%) and 

lowest (15.4%) on the dorsal surface of TV-30. Surface of the susceptible variety was 

conductive for appressoria formation and germination started earlier (Plates 14 & 15). 

After the formation of appressoria, penetration hyphae were produced 48 hours after 

inoculation (Plate 14 & 15, figs G & H) and germ tubes were no longer distinct. Clear 

differences in the colonization pattern of ventral surface of tea leaves of resistant and 

susceptible varieties· are exhibited in Plate 15, figs. A - H. Similar but not identical 

picture emerges on the dorsal surface of te~ leaves. Events of secondary conidia 

formation sites of attempted penetration are visible on the surface of resistant variety 

(Plate 14 fig. G), but such structures were formed on the surface of the susceptible 

variety (Plate 14, fig. H). On the surface of TV-22, the susceptible variety, on the other 

hand, the penetration hyphae are produced and lead to necrosis of the tissues if the 

favourable conditions persist. This phase is exhibited by leaf tissues heavily colonized 

by the fungal mycelium at the site of formation of symptoms. Thus, it is clear from the 

present discourse that even though the spores of G. cingulata germinate on all the 

surfaces, the higher percentage of appressoria formation was associated with compatible 
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interaction. Besides, greater germ tube lengths and lower percentage of appressoria 

formation are characteristics of incompatibility under the present conditions. 

4.4.2. Cell wall of G. cingulata 

98 

In order to determine the nature of disease reaction elicited by cell wall, initially, 

cell walls were isolated from G. cingulata cultures and the isolated cell walls were 

further extracted with NaOH as described earlier. Next, the detached leaves of one 

resistant (TV -30) and one susceptible (T -17 /1/54) variety were slightly wounded and 

inoculated on adaxial surface separately with four different treatments such as- (a) spore 

suspension of G. cingulata, (b) mycelial wall extract preparation of G. cingulata, (c) 

spore suspension mixed with mycelial wall extract, (d) sterile distilled water. 

Percentage lesion produced was calculated after 48, 72 and 96 hours after 

inoculation and the results (Table 11) revealed that the disease reaction observed with the 

spore suspension was the strongest, followed by spore suspension mixed with mycelial 

wall extract. Mycelial wall extract as such developed mild symptoms on tea leaves. 

Nevertheless, cell wall mimicked the symptoms elicited- by the fungal spore suspension, 

developing higher percentage lesion formation in susceptible tea variety T -17/1/54 

(20.1% at 96 hours after inoculation) and lesser percentage lesion formation in the 

resistant variety TV-30 (5.2% at 96 hours after inoculation) as evident from Table 11. 

4.4.3. Bioassay of diffusible compounds elicited by cell wall 

Since the mycelial wall extracts could elicit symptoms even in case of resistant 

variety, it was considered imperative to determine whether it elicited any antifungal 

compound. Bioassay of diffusible compounds collected after 48h from the adaxial 

surface of tea leaves of the two varieties (TV-30 and T-17/1/54) was performed as 

mentioned earlier following four treatments viz. distilled water, mycelial wall extract and 

distilled water, spore suspension and mycelial wall extract and spore suspension. 

Control sets of slide germinated spores were kept with mycelial wall extract and distilled 

water. Diffusible leaf compounds collected from leaf surface against all four treatments 

inhibited spore germination and appressoria formation markedly (Table 12). Besides, 

mycelial wall extract elicited diffusates collected from the surface of resistant variety 

(TV-30) were more fungitoxic than in case off susceptible variety (T-17/1/54). However, 

when the spores of G. cingulata were allowed to germinate on glass slides in presence of 

mycelial wall extract and distilled water separately, the germination percentage was 

... 
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Plate 14 (A-H) : Progress of G. cingulata spore germination on the adaxial 
surface oftea varieties [ TV-30 (A, C, E & G), TV-22 (B, D, F & H) at 6 h 
(A & B), 18 h ( C & D), 24 h (E & F) and48 h (G & H) postinoculation. 
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Plate 15 (A-H) : Progress of G. cingulata spore germination on the abaxial 
surface oftea varieties [TV -30 (A, C, E & G), TV -22 (B, D, F & H)] at 6 h 
(A & B), 18 h ( C & D), 24 h (E & F) and 48 h (G & H) post inoculation]. 
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similar in both the cases. Therefore, mycelial wall extract as such was not fungitoxic, but 

it elicited production of antifungal compounds on the host leaf surface. 

4.4.4. Characterization of cell wall 

4.4.4.1. Indirect Immunoflourescence 

Indirect immunofluorescene of the isolated cell walls was conducted using P Ab 

of G. cingulata as primary antibody and RITC-labeled anti-rabbit IgG conjugate as 

secondary antibody. Reddish fluorescence was observed on the cell walls (Plate 16, figs. 

B & C). This was compared with the fluorescence observed on mycelia labeled with 

FITC conjugates. 

Table 11: Comparison of lesion production by mycelial wall extract and spore 
suspension of G. cingulata on detached tea leaves of resistant and susceptible 
varieties. 

Variety Treatment Percentage lesion formation 

----------------------------------------------------------
Hours post inoculation 

----------------------------------------------------------
48 72 96 

TV-30 Distilled water 0 0 0 

Mycelial wall extract 02.3 ± 1.45 03.8 ± 1.80 05.4 ± 1.74 

Spore suspension 
+ 10.1 ± 1.82 12.5 ± 2.44 14.6 ± 1.88 

Mycelial wall extract 

Spore suspension 12.4 ± 2.13 19.3 ± 1.21 22.9 ±0.94 

T-17/1/54 Distilled water 0 0 0 

Mycelial wall extract 15.3 ± 3.01 18.5 ± 2.46 20.1 ±2.77 

Spore suspension 
+ 52.8 ± 2.04 54.1 ±2.11 55.8 ± 2.36 

Mycelial wall extract 

Spore suspension 71.4 ± 3.25 94.3 ±2.55 95.9 ± 1.47 

Data are the mean of200 inoculum droplets made on 50 leaves of each variety per 
experiment. 
Values are means± SE, n=3 
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Table 12: Spore germination bioassay of diffusible compounds elicited by mycelial 
wall extract of G. cingulata 

Treatment Variety %Spore % Appressoria 
germination a formation 

Distilled water TV-30 55.9 ± 2.08 52.1 ± 2.11 

T-17/1/54 62.4 ± 1.09 60.4 ± 1.55 

Mycelial wall extract· TV-30 09.1 ± 1.29 0.7 ± 0.09 

T-17/1/54 44.5 ± 1.22 39.2 ± 1.43 

Spore suspension TV-30 13.9±2.08 12.1 ± 2.11 

T-17/1/54 66.4 ± 1.13 65.1 ± 1.55 
Mycelial wall extract 

+ 
Spore suspension TV-30 I 1.5 ±.1.28 10.2 ± 1.88 

T-17/1/54 52.7 ± 1.24 50.9 ± 1.79 

Slide control: 
Distilled water 73.4 ± 1.64 70.3 ± 2.42 

Mycelial wall extract 70.1 ± 3.06 68.6 ± 1.09 

a Average of 500 spores per experiment . 
b Average of 60 germlings per experiment; Values are means ± SE , n=3 

4.4.4.2. SDS-PAGE 

Biochemical characterization of mycelial wall extract was done. Quantitative and 

qualitative estimation of total protein and carbohydrate content was performed in order to 

confirm its glycoprotein nature. The protein content in the isolated cell wall was 

estimated to be 10mg g-1 cell wall. Carbohydrate content was found to be 0.414 mg g-1 

cell wall. This preparation was further analysed by SDS-PAGE. Mycelia, crude cell wall 

and cell wall extract were run on SDS-PAGE and stained for protein (Plate 16, fig. D) 

and carbohydrate (Plate 16, fig. E) . The results show that only a single high molecular 

weight protein band was visible in cell wall extract preparation as compared to the 

mycelial protein banding pattern. The same band was visible when stained for 

carbohydrate by PAS staining. The mycelial wall extract analysed before being 
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concentrated by PEG also shows presence of the same band, but it was very faint. No 

visible carbohydrate moiety was detected in mycelial preparation and crude cell wall. 

The molecular weight of the single glycoprotein band was found to be of ca 66.0 kDa. 

4.5. Analysis of pathogen-induced proteins in tea varieties. 

It is obvious from the results of the previous chapters that tea varieties showed 

differential responses towards infection by G. cingulata. Since proteins are the active 

components that participate in the various defence-related activities in the complex 

immune system of the plants, it was decided to characterise the total soluble proteins of 

the 18 tea varieties (TV-18, TV.:22, TV-25, TV-26, TV-29, TV-30, T-17/1/54, CP- 1/1, 

BS/7A/76, P-312, AV-2, TS-449, UP-2, UP-3, UP-9, UP- 26, BSS-2 and BSS-3) 

biochemically and immunologically. At the onset, total soluble proteins were extracted 

from healthy and artificially inoculated tea leaves. Quantitative estimation of these was 

performed as described earlier in order to assess whether there are any changes in the 

total protein pool on infection and how these are related to resistance. These proteins 

extracted from tea leaves were next separated by SDS-PAGE. Protein profiles were 

analysed and the molecular weight of the bands revealed were determined. Following 

this, an attempt was made to find out if any of these proteins were of pathogen origin. 

For the purpose, the proteins from two susceptible (CP-111 and TV-22) and one resistant 

variety (TV-30) were transferred to nitrocellulose membrane, according to Western blot 

procedure described earlier, and probed with the P Ab · raised against G. cingulata 

mycelial antigen. The blot was compared with the corresponding SDS-P AGE and the 

molecular weights of the Pips -(Pathogen-Induced proteins) were determined in 

compatible and in the incompatible interactions. 

4.5.1. Protein content of healthy and G. cingulata infected tea leaves 

For analysis of total soluble proteins, the plant material was harvested at 48 hours 

after inoculation, when symptoms started appearing. Total soluble protein was extracted 

from healthy and artificially G. cingulata inoculated tea leaves of 18 varieties as 

described earlier. The results presented in Table 13 indicate that there was some variation 

in protein content of different varieties among themselves as well as due to inoculation. 

In the susceptible varieties (TV-22, T-17, UP-26, CP-111, AV-2) the protein content 

decreased significantly. On the other hand, in the resistant varieties (TV-18, TV-30, 
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Plate 16 (A-D) :Indirect Immunofluorescence of hyphae (A) and cell wall (B & C) 
of G. cingulata treated with PAb of G. cingulata and labeled with FITC conjugates 
(A) and RITC conjugates (B & C) ; SDS-PAGE analysis of mycelial protein (Lane 
1 ), undialized cell wall extract (Lane 2), cell wall extract after dialysis (Lane 3) and 
crude cell wall (Lane 4) after staining with coomassie blue (D) and periodic Schiff's 
reagent (E). 



105 

BSS-2, UP-9, BS/7 A/76) there was a very insignificant increase in protein content on 

infection. However, no decrease in total protein was observed in such cases. 

Table 13: Total soluble protein content of healthy and G. cingulata inoculated tea 
leaf tissues 

Variety 

Tocklai varieties 
TV-18 
TV-22 
TV-25 
TV-26 
TV-29 
TV-30 
T- 17/1/54 

UPASI varieties 
BSS-2 
BSS-3 
UP-2 
UP-3 
UP-9 
UP-26 

Darjeeling varieties 
BS/7A/76 
TS -449 
CP-1/1 
P- 312 
AV-2 

Means ± SE, n=3 

Protein content (mg g tissue -l) 

Healthy 

40.60± 1.50 
36.75 ± L23 
35.20±1.17 
43.50 ± 0.56 
45.72 ± 1.45 
32.75 ± 1.24 
39.25 ± 1.10 

18.00 ± 1.32 
22.80 ± 1.58 
26.70± 0.80 
32.81 ± 1.09 
22.00 ± 1.14 
36.34 ± 1.07 

37.50 ± 1.27 
26.81 ±1.02 
32.12 ± 1.08 
30.51 ± 0.96 
24.28 ± 0.86 

Inoculated** 

43.10 ±1.80 
*28.00 ± 1.15 
40.00 ± 3.90 
47.10 ±1.25 
46.33 ± 2.96 
37.00 ± 0.83 

*23.21 ± 1.08 

22.50 ± 2.25 
19.52 ± 2.47 
27.32± 1.68 

*23.60 ± 1.87 
24.09± 2.92 

*23.88 ± 0.56 

42.70 ± 2.39 
27.23 ± 1.10 

*25.64 ± 1.83 
29.41 ± 0.75 
20.30± 0.66 

*Difference between healthy and infected Significant at P=0.02 as tested by Student's t
test; ** 48 hours after inoculation with G. cingulata (GC-1). 

4.5.2. SDS-PAGE of healthy and G. cingulata infected tea leaves 

Proteins of the healthy and G. cingulata inoculated tea leaves of the 18 varieties 

as mentioned earlier were resolved on SDS-PAGE. Healthy and G.cingulata inoculated · 

samples (48 hours after inoculation) were compared for any difference in the presence or 

-+ absence of any particular protein bands. There were some differences in the banding 

patterns of different varieties (Tables 14-16, Plates 17 & 18). Also, pathogen infection 
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caused changes in the banding patterns. SDS- PAGE analysis of these extracted proteins 

reflected the protein content changes, with decreased content showing reduction in 

number of bands as well as general decreased intensity of protein bands (Plates 17 & 18). 

No reduction in intensity of band profiles was observed in resistant varieties on 

inoculation. In the most susceptible varieties (TV-22, T-17, UP-26) leaf proteins of ca. 

97.4, 94.3 kDa were degraded by the fungus. New proteins were not induced. On the 

other hand, in case of the resistant varieties the same proteins were either newly induced 

(TV-25 and TV-26) or increased in intensity on inoculation with G. cingulata (TV-29). 

Thus, these seem to be associated with resistance. On the other hand, in some moderately 

resistant varieties (TV-29, BSS-2, BS/7N76, AV-2) the banding pattern did not change 

at all. There were only slight changes in the intensity depending on the total protein 

content. 

Table 14: Molecular weights of soluble proteins of healthy and G. cingulata 

inoculated tea leaf tissues in Darjeeling varieties. 

Variety Treatment 

BS/7A/76 H 
I 

s -449 H 
I 

CP-111 H 
I 

P- 312 H 
I 

AV-2 H 
I 

Molecular weight (kDa) 

94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 29.0, 24.6, 20.1, 14.3, 3.0 (11} 
94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 29.0, 24.6, 20.1, 14.3, 3.0 (11) 

94.3, 66.0, 56.8, 29.0, 24.6, 20.1, 14.3, 3.0 (08) 
94.3, 69.2, 66.0, 56.8, 47.6, 43.6, 29.0, 24.6, 20.1, 14.3, 3.0 (11) 

69.2, 66.0, 56.8, 41.0, 40.0, 29.0, 25.4, 24.0, 20.1, 14.3, 6.0 (11) 
69.2, 66.0, 56.8, 41.0, 40.0, 29.0, 25.4, 24.0, 20.1, 6.0 (10} 

69.2, 66.0, 56.8, 47.6, 40.0, 24.0, 20.1, 06.0, 3.0 (9) 
94.3, 69.2, 66.0, 56.8, 47.6, 40.0, 24.0, 20.1, 06.0, 3.0 (10) 

69.2, 66.0, 56.8, 47.6, 40.0, 24.0, 20.1, 06.0, 3.0 (9) 
69.2, 66.0, 56.8, 47.6, 40.0, 24.0, 20.1, 06.0, 3.0 (9) 

Values in parenthesis indicate the number of bands; H- Healthy, I- Inoculated with G. 
cingulata ( 48 hours after inoculation). 

4.5.3. Dot immunobinding assay. 

The soluble proteins of the 18 tea varieties were initially characterized by dot 

-+ immunobinding assay using PAb of G. cingulata. The results displayed in Plate 19, fig. 

B show that there was more intense reaction in case of the susceptible varieties (TV -22, 
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UP-26, CP-111, T-17/1154) than in the resistant varieties (TV-30, BS/7A/76, BSS-2) in 

heathy as well as inoculated tea leaf tissues. 

Table 15: Molecular weights of soluble proteins of healthy and G. cingulata 

inoculated tea leaf tissues in UP ASI varieties. 

Variety 

BSS-2 

BSS-3 

UP-2 

UP-3 

UP-9 

UP-26 

Treatment Molecular weight (kDa) 

H 
I 

H 
I 

H 
I 

H 
I 

H 
I 

H 
I 

56.8, 40.0, 33.0, 24.6, 20.1, 14.3, 6.0, 3.0 (8) 
56.8, 40.0, 33.0, 24.6, 20.1, 14.3, 6.0, 3.0 (8) 

97.4, 94.3, 66.0, 56.8, 20.1, 14.3, 6.0 (7) 
94.3, 66.0, 56.8, 20.1, 14.3, 6.0 (6) 

94.3, 66.0, 56.8, 43.0, 41.0, 40.0, 14.3, ll.5, 6.0 (9) 
94.3, 66.0, 56.8, 43.0, 41.0, 40.0, 15.2,14.3, 11.5, 6.0 (10) 

94.7, 47.6, 43.0, 41.0, 40.0, 33.0, 29.0, 24.6, 14.3, 3.0 (10) 
47.6, 43.0, 40.0, 33.0, 29.0, 24.6, 3.0 (07) 

94.3, 47.6, 43.0, 41.0, 40.0, 33.0, 29.0, 24.6, 14.3, 6.0, 3.0 (11) 
56.8, 41.0, 40.0, 33.0, 29.0, 24.6, 3.0 (8) 

97.4, 69.2, 66.0, 47.6, 43.0, 41.0, 40.0, 33.0, 29.0, 20.1, 14.3, 6.0, 3.0 (13) 
66.0, 41.0, 40.0, 33.0, 29.0, 20.1, 14.3, 3.0 (8) 

Values in parenthesis indicate the number of bands; H- Healthy, I- Inoculated with 
G. cingulata (48 hours after inoculation). 

4.5.4. Western blot of healthy and G. cingulata infected tea leaves 

The soluble proteins of three varieties were probed with antibody raised against 

G. cingulata by Western blot technique to reveal the presence of any common antigenic 

determinants between host and the pathogen. The most susceptible tea varieties- TV-22 

and CP-1/1 indicated the presence of cross-reacting proteins with molecular weights ca. 

66.0 and 56.8kDa even in the healthy leaf tissues (Plate 19, fig.C, Table 17). No such 

proteins were detected in the resistant variety TV-30. G. cingulata inoculated leaf 

tissues ofCP-1/1, revealed two prominent bands ofca 41.0, and 43.0kDa, while TV-22 

exhibited an additional band of ca 24.0 kDa. Thus, the differences in the proteins that 

could not be revealed by SDS-PAGE (Plate 19, fig.A), were obvious when probed with 

the P Abs. The different kinds of polyclonal antibodies are each raised against a specific 

epitope on the surface of the antigen. Thus, acting together, they may recognize 

protein(s) different from those against which the PAbs were raised, resulting in cross

reactivity. In the infected tissues this cross-reactivity may be due to the presence of the 
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fungal mycelia. The bands of ca 40.0 and 24.0 kDa revealed on Western Blot in leaf 

tissues may be identical to those of fungal protein. It may be recalled that the protein 

band with ca 24.0 kDa gave the strongest signal on probing with the same antibody. 

Table 16: Molecular weights of soltible proteins of healthy and G. cingulata 

inoculated tea leaf tissues in Tocklai varieties. 

Variety 

TV-18 

TV-22 

TV-25 

TV-26 

TV-29 

TV-30 

T- 17/1/54 

Treatment 

H 

I 

H 

I 

H 

I 

H 

I 

H 

I 

H 
I 

H 

I 

Molecular weight (kDa) 

69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 29.0,20.1, 
16.(), 14.3, 13.0, 11.2, 6.0, 3.0 (16) 
*94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
29.0,20.1, 16.0, 14.3, 13.0, 11.2, 6.0, 3.0 (17) 

94.7,69.2, 66.0, 56.8, 41.0, 40.0, 29.0, 25.4, 24.0, 20.1, 
14.3, 6.0 (12) 
69.2, 66.0, 56.8, 41.0, 40.0, 29.0, 25.4, 24.0, 14.3 (09) 

69.2, 66.0, 56~8, 47.6, 43.0, 41.0, 40.0, 33.0, 29.0,20.1, 
14.3, 13.0, 11.2, 6.0, 3.0 (15) 

*97.4, *94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
29.0,20.1, 14.3, 13.0, 11.2, 6.0, 3.0 (17) 

94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
24.6,29.0,20.1, 16.0,14.3, 13.0, 11.2, 6.0, 3.0 (18) 
*97.4, 94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
24.6,29.0,20.1, 16.0,14.3, 13.0, 11.2, 6.0, 3.0 (19) 

97.4, 94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
24.6,29.0,20.1, 16.0,14.3, 13.0, 11.2, 6.0, 3.0 (19) 
97.4, 94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
24.6,29.0,20.1, 16.0,14.3, 13.0, 11.2, 6.0, 3.0 (19) 

94.7,69.2, 66.0, 56.8, 41.0, 40.0, 29.0, 25.4, 24.0, 20.1 (10) 
94.7,69.2, 66.0, 56.8, 41.0, 40.0, 29.0, 25.4, 24.0, 20.1, 
14.3, 6.0 (12) 

94.3, 69.2, 66.0, 56.8, 47.6, 43.0, 41.0, 40.0, 33.0, 
29.0,20.1, 16.0, 14.3, 13.0, 11.2, 6.0, 3.0 (17) 
66.0, 47.6, 40.0, 33.0, 29.0, 20.1, 3.0 (7) 

Values in parenthesis indicate the number ofbands; H- Healthy, I- Inoculated with 
G. cingulata ( 48 hours after inoculation). 

The resistant variety TV-30 did not show any bands in healthy protein extract, 

while only 66.0 kDa protein was observed on inoculation with G. cingulata. This protein 

seems to be aiding in general pathogenesis, at the time of symptom appearance in both 
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G, cingulata inoculated (I) leaftissues oftea varieties. 
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the susceptible and resistant interactions. Cell wall of G. cingulata was also found to be 

possessing the same molecular mass of66.0 kDa. 

Table 17: Western blot analysis of Pathogen-ind need proteins in healthy and 

G. cingulata inoculated tea leaves 

Variety Treatment Molecular weight (kDa) 

CP-111 H 66.0, 56.8 (2) 
I 66.0, 56.8, 43.0, 40.0 (4) 

TV-22 H 66.0, 56.8 (2) 
I 66.0,56.8, 43.0, 40.0, 24.0 (4) 

TV-30 H - (0) 
I 66.0 (1) 

Values in parenthesis indicate the number of bands; H - Healthy, I - Inoculated with 
G. cingulata. ( 48 hours after inoculation). 

4.6. Determination of activity of defense enzymes in tea varieties 

triggered by G. cingu/ata 

Detailed analysis regarding the alteration of proteins has been carried out 

quantitatively as well as qualitatively in the previous section. Enzymes are the most 

important proteins that catalyse crucial biochemical reactions. Numerous enzymes have 

been identified to be involved in defense reactions of the plants. Four defense enzymes -

peroxidase (POX), polyphenol oxidase (POX), phenyl alanine ammonia lyase(PAL) and 

tyrosine ammonia lyase (TAL) have been selected for the present study due to their 

involvement with phenolic biosynthesis (PAL and TAL) and phenolic oxidation (POX 

and PPO). Phenolics have always been in focus of studies on Camellia sinensis. POX is 

an important pathogenesis-related protein of PR-9 family. PPO catalyses the oxidation of 

polyphenols into simple phenolics that are important components of defence specially in 

tea plants. PAL and TAL catalyse the initial steps in phenyl propanoid pathway and their 

importance in defense mechanism is immense. Therefore, in the present investigation, 

eighteen tea varieties as mentioned earlier were inoculated by detached leaf inoculation 

method and time course accumulation of the above-mentioned four enzymes was 

conducted. Healthy control and G. cingulata inoculated tea leaf samples were harvested 

at 0, 24, 48 and 72 hours after inoculation, enzymes extracted and specific activity 

estimated. 
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spectrophotometrically as described earlier. Protein content of the enzyme extracts was 

measured as mentioned earlier and specific activity was calculated. 

Multiple forms of enzymes (isozymes) are known to be present in case POX and 

PPO. These two enzymes have been reported to be associated with the potential quality 

of tea clones in relation to fermentation during tea processing. Anionic isoperoxidases 

and isopolyphenoloxidases - constitutive and induced on G. cingulta inoculation, were 

revealed by Native PAGE as described earlier. 

The results of enzymes analysed were compared with disease reaction of the 

varieties as determined from the earlier experiments in order to relate the role of each 

enzyme in defense mechanism of C. sinensis - G. cingulata interaction. 

4.6.1 Peroxidase 

Peroxidases are members of a large group of heme-containing glycoproteins that 

catalyze oxidoreduction between hydrogen peroxide and various reductants. They have 

an absolute requirement of hydrogen peroxide as electron donor. Peroxidases are 

implicated to play multiple roles in plant-pathogen interactions. In case of peroxidase 

activity (quantitative analysis) o-dianisidine was used as substrate and its oxidation was 

monitored spectrophotometrically. For qualitative profiling of POX isozymes benzidine, 

another aromatic diamine, was used as a substrate. It gave rise to distinct blue coloured 

bands after separation of enzyme extract by Native PAGE and staining. 

At the onset, peroxidase specific activity was assessed in healthy and G. 

cingulata inoculated tea leaf tissues at definite time intervals as mentioned above for the 

eighteen tea varieties. The results are presented in Table 18, from which it is clear that at 

the constitutive level there was no correlation between POX activity and resistance to G. 

cingulata. 

The specific activity of peroxidase in the highly resistant varieties (TV -30 and 

BS/7N76) as well as moderately resistant varieties (TV-18, TV-25, TV-26, TV-29, BSS-

2, UP-2, UP-9, TS-449 and P-312) followed a pattern (Fig. 6A, C & E), in contrast to the 

highly susceptible varieties (TV-22, T-17/1/54, BSS-3, UP-26,CP-l/l and AV-2) as 

illustrated in Fig. 6 (B, D & F). In resistant interactions, the activity slightly decreased 24 

hours after inoculation in the inoculated samples relative to control, except in case of 

UP-2, where it slightly increased. However, there was recovery of the activity in such 

cases 48 hours after inoculati.on when it shot up to as much as 5.25 mg-1 protein min-1 in 
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BSS-2. Thus, significant di~erences between healthy and G. cingulata inoculated 

samples were observed only 48 hours after inoculation in the incompatible interactions 

(Table 18). 

On the other hand, in compatible interactions the activity increased significantly 

with respect to control at 24 hours after inoculation in the inoculated samples. It shot up 

to as much as 6.05 unit mg-1 protein min-1 in TV-22, the highly susceptible variety. 

However, there was a dramatic drop in this activity at 48 hours after inoculation in these 

cases as observed in the Fig. 6 (B, D & F), except the moderately susceptible UP-3, in 

which there was only slight reduction in activity. 

Thus, the activity of peroxidase reached its peak 24 hours after inoculation or 48 

hours after inoculation in the inoculated samples, depending on the compatibility with 

the pathogen, and dropped thereafter i.e. at 72 hours after inoculation in case of all the 18 

varieties studied. Peak activity was always higher in the inoculated samples than the 

healthy control. Thus, in the present findings, in all the interactions POX increased on 

infection. However, the timing of increase was not same. At 24 hours after inoculation 

POX activity is associated with susceptibility, while at 48 hours after inoculation high 

activity is associated with resistance. Karl-Pearson's Correlation coefficient between 

percentage infection, and POX activity was found to be -0.74178, which was highly 

significant at P = 0.05 level. The scatter diagram and the regression line are represented 

in Fig. SA. Therefore, at the time of symptom appearance the POX activity was high in 

the incompatible interactions, where the percentage infection was low. Thus, at this time 

point POX contributes to resistance. 

The highest activity in case of inoculated samples, 6.05 units mg-1 protein min-1
, 

was recorded in TV-25, the resistant variety. The lowest activity, 0.92 units mg-1 protein 

min-1
, was recorded in the inoculated samples ofCP-1/1, the susceptible variety. 

4.6.1.1. Peroxidase isozyme analysis 

Isoperoxidase variations have been reported to be used as genetic markers in case 

of different levels (genus, species, varieties) within a taxon. At the onset, it was 

therefore, decided to study whether any isozyme variations exist at the constitutive level 

in Camellia sinensis (L.) 0. Kountze varieties under the present investigation. In order to 

reveal changes in the isozyme patterns on infection, native polyacrylamide 

gelelectrophoresis was performed as described earlier in the 18 varieties as mentioned 
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-+- Table 18: Peroxidase activitie.s in different tea varieties at various time intervals 
after inoculation with G.cingulata 

Variety Treatment Peroxidase activity (AA 460nm mg protein-1 min:1
) 

Time after inoculation (h) 

0 24 48 72 

TV-18 H* 3.28 ± 0.41 2.82 ±0.52 2.71 ± 0.23 1.93 ± 0_42 
I 3.73 ± 0_44 3.45 ± 0.91 ··4.66 ± 0.33 2.05 ± 0.72 

TV-22 H 1.95 ± 0.63 1.83 ± 0.22 1.67 ± 0.54 0.97 ± 0.17 
I 2.12 ± 0.16 ··6.05 ±0.92 2.25 ± 0.35 ··2.34 ± 0.36 

-+ TV-25 H 4.42 ±0.27 3.73±0.13 3.55 ±0.26 2.54±0.19 
I 4.55 ±0.32 3.69±0.63 ··5.07 ±0.34 2.58 ±0.54 

TV-26 H 4.04±0.44 2.70±0.34 2.56 ± 0.27 1.95 ± 0.46 
I 4.12 ± 0.71 ··3.73 ± 0.39 ··4.74 ± 0.28 2.26±0.83 

TV-29 H 2.05 ± 0.37 1.63 ± 0.26 1.17 ± 0.19 0.68 ± 0.28 
I 2.25 ±0.29 1.93 ±0.60 ··3.95 ± 0.43 1.93 ± 0.85 

TV-30 H 1.82 ±0.20 1.52±0.19 1.63 ±0.35 1.58 ± 0.16 
I 2.30±0.50 1.65 ±0.43 ""4.93 ±0.58 4.30±0.85 

T-17 H 1.36 ± 0.23 1.18 ± 0.29 1.02 ± 0.30 0.75 ± 0.12 
I 1.55 ± 0.35 ··5.58 ± 0.77 2.23 ± 0.56 1.05 ± 0.23 

BSS-2 H 3.72 ± 0.43 3.03 ±0.20 3.25 ± 0.35 2.57±0.39 
I 3.76 ± 0.35 3.16 ± 0.37 ··5.25 ± 0.70 3.52 ± 0.53 

BSS-3 H 3.35 ± 0.23 3.02 ± 0.15 2.16±0.35 1.83 ± 0.30 
I 3.68 ±0.70 ··5.02 ± o.15 2.19±0.74 1.92±0.16 

~ 
UP-2 H 2.26±0.35 2.06±0.34 1.45 ± 0.43 1.06 ± 0.22 

I 2.52± 0.54 2.54 ± 0.80 ··4.34 ± 0.41 1.23 ± 0.17 

UP-3 H 1.26 ± 0.40 1.31 ± 0.19 1.03 ± 0.23 0.91 ± 0.35 

I 1.52 ± 0.37 ··3.84 ± 0_46 ··2.61 ± 0.35 1.31 ± 0.71 

UP-9 H 2.82±0.33 2.55 ±0.14 2.63 ±0.37 1.55 ± 0.60 

I 3.76±0.60 3.27 ±0.51 ··5.26±0.29 ··3.07 ±0.81 

UP-26 H 2.23 ± 0.52 1.72 ±0.53 2.15 ±0.23 1.84 ±0.15 

I 2.56 ± 0.35 ··4.59 ± 0.49 2.23 ± 0.91 1.86 ±0.22 

BS/7A/76 H 1.96 ± 0.33 1.65 ± 0.26 1.63 ± 0.27 1.55 ± 0.18 

I 2.22 ± 0.10 1.62 ± 0.33 ··3.83 ± 0.69 1.89 ± 0.41 

TS-449 H 1.12 ± 0.24 0.64±0.34 1.05 ± 0.35 0.89 ± 0.16 

I 1.27 ± 0.34 1.02±0.17 ··3.90 ±0.23 1.02 ± 0.61 

CP-111 H 0.87 ±0.36 0.65±0.23 0.54±0.19 0.50 ±0.28 

+-
I 1.01 ± 0.55 ··4.19 ± 0.63 ""1.46 ± 0.16 0.92 ±0.42 

P-312 H 2.37 ± 0.39 2.19 ± 0.18 1.95 ± 0.55 1.72 ± 0.44 

I 2.56 ± 0.26 2.29 ± 0.46 •• 4.25 ± 0.71 ··3.56 ± 0.19 

AV-2 H 2.25 ± 0.45 1.75 ± 0.33 1.79 ± 0.24 1.72 ± 0.25 

I 2.35 ± 0.65 ··2.92 ± 0.44 1.83 ± 0.29 1.84 ± 0.37 

*H- healthy control; 1- inoculated 

Means± S.E, n=3 ~ •• Difference between healthy and infected Significant at P=O.O 1 as tested by 
Student's t-test 

earlier. Since the peak POX activity was observed 24 hours after inoculation and 48 

hours after inoculation, these intervals were selected for the detailed analysis of isozyme 

+ 
profile in the inoculated samples. It is clear from the earlier discourse that the peroxidase 

specific activity did not increase in any of the healthy control samples in time course 
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experiments. Thus, only a single healthy control was run for different varieties separately 

and compared with the profiles of samples 24 hours after inoculation and 48 hours after 

inoculation. The results are presented in Tables 19-21 and Plate 20. Isozyme analysis 

recorded the presence of 8 anodic (acidic) isozymes (11 to Is) ranging between Rm 0.11 

and 0.83. 

In case of constitutive expression (Table 19, Plate 20, fig. A) it easily observed 

that two isozymes of Rm=0.28 (13) and Rm=0.47 (Is) are common to all varieties. It is, 

however, interesting to note that extra bands were present in some varieties (Table 19). 

The slow migrating isozyme of Rm=0.20 (h) was observed in BSS-2, UP-2 and TV-29, 

which were moderately resistant varieties. The isozyme with Rm=0.41 (14) was specific to 

BS/7 A/76, a resistant variety. Among the susceptible varieties examined, UP-3 indicated 

presence of isoperoxidase with Rm=0.83(1s). Further studies with inoculated samples 

were conducted to reveal changes in isozyme profile and detect whether any of the 

isoforms are associated with resistance or susceptibility and whether these isozymes can 

be used as markers of resistance. 

In order to reveal changes m the isozyme patterns on infection, Native 

Polyacrylamide Gel Electrophoresis was performed in the 18 varieties and stained for 

POX isozyme analysis. None of the highly susceptible varieties like UP-26, T-17/1/54, 

TV-22, CP-1/1, AV-2 and BSS-3 showed any extra isoform accumulation on infection 

with G. cingulata. Involvement of isoperoxidases 16 (Rm=0.60) and h (Rm=0.72) in 

disease resistance was especially prominent, with 4 being formed in all resistant 

interactions (TV-25, TV-26, TV-30, UP-2, BS/7A/76 and P-312) and only one 

moderately susceptible interaction in case of UP-3. The isozyme I1 (Rm=O.ll) was 

observed only in the highly resistant variety TV -30 on inoculation. Another isomorph 

with Rm=0.83 (Is) was observed after G. cingulata inoculation of moderately resistant 

and susceptible varieties (TV-18, TV-26, BSS-2 and UP-3) but not in the highly resistant 

or susceptible ones. Therefore, it seems that each isoform has a definite function 

assigned to it with respect to resistance to infection. It is noteworthy that the isozyme 

profile of the highly susceptible varieties did not change on infection. Besides, they 

exhibited only two isozyme bands throughout the study. Peroxidase isozyme induction is 

important for the present system. 
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Plate 20 (A-K) : Isozymes of peroxidase expressed constitutively in leaf tissues of tea 
varieties (A); after 24 & 48 h of inoculation with G. cingulata (B-K). 
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Table19. lsozymes of peroxidase expressed constitutively in leaf tissues of tea 
varieties: 

Variety Number of isozymes Rm values of isozymes 

TV-18 2 0.28, 0.47 

TV-22 3 0.28, 0.47 

TV-25 2 0.28, 0.47 

~ TV-26 2 0.28, 0.47 

TV-29 3 0.20*, 0.28, 0.47 

TV-30 2 0.28, 0.47 

T-17/1/54 2 0.28, 0.47 

BSS-2 3 0.20*, 0.28,. 0.47 

BSS-3 2 0.28, 0.47 

+ 
UP-2 3 0.20*, 0.28, 0.47 

UP-3 3 0.28, 0.47, 0.83* 

UP-9 2 0.28, 0.47 

UP-26 2 0.28, 0.47 

BS/7N76 3 0.28, 0.41 *, 0.47 

* TS-449 2 0.28, 0.47 

CP-1/1 2 0.28, 0.47 

P-312 2 0.28, 0.47 

AV-2 2 0.28, 0.47 

* The extra isozymes bands that are present only in some varieties 
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Table 20: Isozymes of peroxidase expressed constitutively in leaf tissues of Tocklai 

tea varieties and after 24 and 48 hours of inoculation with G.cingulata. 

Variety Treatment 

TV-18 H 
24 
48 

TV-22 H 
24 
48 

TV-25 H 
24 
48 

TV-26 H 
24 
48 

TV-29 H 
24 
48 

TV-30 H 
24 
48 

T-17/1/54 H 
24 
48 

Number of isozymes 

2 
2 
3 

2 
2 
2 

2 
2 
2 

2 
3 
4 

3 
3 
3 

2 
3 
4 

2 
2 
2 

Rm values 
ofisozymes 

Disease 
reaction 

0.28, 0.47 MR. 
0.28, 0.47 
0.28, 0.47, 0.83* 

0.28, 0.47 s 
0.28, 0.47 . 
0.28, 0.47 

0.28, 0.47 MR. 
0.28, 0.47 
0.28, 0.47, 0.60* 

0.28, 0.47 MR. 
0.28, 0.47, 0.60* 
0.28, 0.47, 0.60*, 0.83* 

0.20, 0.28, 0.47 MR. 
0.20, 0.28, 0.47, 0.72* 
0.20, 0.28, 0.47, 0.72* 

0.28, 0.47 R 
0.28, 0.47, 0.60* 
0.11*, 0.28, 0.47, 0.60* 

0.28, 0.47 s 
0.28, 0.47 
0.28, 0.47 

*lsozymes induced on infection with respect to uninoculated control 

4.6.2. Polyphenol oxidase 

PPO catalyses the oxygen-dependent oxidation of phenols to quinones. They also 

possess various isoforms of differing relative mobility. In view of its importance in 

defense, it was analysed quantitatively and qualitatively and it role in brown blight 

infection ascertained. 

Time course accumulation of PPO specific activity was estimated in healthy and 

G. cingulata inoculated tea leaf tissues of the 18 different tea varieties as mentioned 
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Table 21: Isozymes of peroxidase expressed constitutively and in G.cingulata 

inoculated leaves of Darjeeling tea varieties. 

Variety Treatment 

BS/7A/76 H 
24 
48 

TS-449 H 
24 
48 

CP-1/1 H 
24 
48 

P-312 H 
24 
48 

AV-2 H 
24 
48 

Number of isozymes 

3 
4 
4 

2 
.3 

4 

2 
2 
2 

l 
2 
4 

2 
2 
2 

Rm values 
ofisozymes 

0.28, 0.41, 0.47 
0.28, 0.41, 0.47, 0.60* 
0.28, 0.41, 0.47, 0.60* 

0.28, 0.47 
0.28, 0.47, 0. 72* 
0.28, 0.47, 0.60*, 0.72* 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47, 0.60*, 0.72* 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47 

*Isozymes induced on infection with respect to uninoculated control. 

Disease 
reaction 

R 

MR. 

s 

MR. 

s 

earlier. Results are presented in Table 22 and Fig. 7(A-F). In general, the activity profile 

of PPO was on the increasing trend in all the varieties. Significant differences between 

healthy and inoculated samples were found as tested by Student's t-test at 24 hours after 

inoculation in the resistant varieties (TV-29, TV-30, BSS-2, UP-2, UP-9, TS-449 and P-

312) as evident from Table 22. On the other hand, at 48 hours after inoculation there was 

significant increase in all the varieties tested, irrespective of compatibility with pathogen. 

The high activity of PPO in G. cingulata inoculated samples persisted or even increased 

further in the resistant varieties 72 hours after inoculation (TV-18, TV-25, TV-26, TV-

29, TV-30, BSS-2., UP-2, UP-9, BS/7 N76, TS-449, P-312) and the difference between 

activity in healthy and inoculated leaf samples was statistically significant Table 22, Fig. 

7(A, C & E). High PPO activity was noticed in some susceptible varieties also (TV-22, 

T-17/1/54, UP-3 and CP-111) at this point, but these were not as high as in the 
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incompatible interactions. Karl-Pearson's Correlation coefficient between percentage 

infection at 72 hours after inoculation and PPO activity was found to be -0.64833, which 

was found to be highly significant at P = 0.05 level. The scatter diagram and the 

regression line for the same is presented in Fig. 8B. 

In the remaining susceptible varieties there was a sharp fall in PPO activity. 

Thus, it is evident that this enzyme is of vital importance in defense mechanism. The 

differences in the activity profiles of PPO in compatible and in the incompatible 

interactions is illustrated in Fig. 7(A-F) indicating that the variation in PPO specific 

activity is most evident and the highest at 72 hours after inoculation, going up to 7.30 

units mg"1 protein min"1 
, in the resistant TV-30. 

4.6.2.2. Polyphenol oxidase isozyme analysis 

At the onset, it was decided to study whether any PPO isozyme variations exists 

at the constitutive level in Camellia sinensis (L.)O. Kountze varieties under the present 

investigation. In order to reveal changes in the isozyme patterns of peroxidase samples, 

Native polyacrylamide gel electrophoresis was performed as described earlier and 

stained for PPO isozyme analysis. There were some minor variations in the isozyme 

patterns of the 18 varieties (Plate 21, fig. A & Table 23), however, the patterns could not 

be associated with the reaction towards the pathogen. The two isozymes with Rrn=0.12 

and 0.25 were present in all the varieties, while the third one with Rm= 0.81 was .absent 

in leaves ofTV-18, TV-25, T-17/1/54, BSS-3, UP-26 and BS/7N76. 

Since PPO activity increased significantly and the differences were particularly 

noticeable 72 hours after inoculation, this point was selected for the detailed analysis of 

isozyme profile. PPO isozyme analysis was done using native PAGE as described earlier 

in the 18 tea varieties. Infection with G. cingulata caused changes in the isozyme 

patterns of PPO. There was loss of some isozymes especially in the compatible 

interactions (Table 22). This may be because of the destruction of leaf tissue. The 

susceptible varieties TV-22, UP-26, CP-1/1 and AV-2 each had lost one isozyme on 

inoculation with G. cingulata. Only one moderately resistant TV-25 behaved similarly. 

No changes were observed in isozyme profiles on inoculation in three susceptible (T-

17/1/54, BSS-3 and UP-3) and four moderately resistant (TV-26, TV-29, UP-9, TS-449) 

varieties. However, all the moderately susceptible varieties in this case possessed three 

constitutive isozymes, all of which were present during the infection. The isozyme of 
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inoculated tea varieties. 
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·--t Rm=0.55 was induced only in the resistant tea leaf tissues (TV-30, TV-18, TV-25, BSS-

2, UP-2, BS/7 A/76 and P-312) on infection. This particular isozyme, therefore, is 

associated with defense reaction in tea. 

Table 22: PPO (Polyphenoloxidase) activities in tea leaf tissues of different varieties 

at various time intervals after inoculation with G.cingulata 

Variety Treatment Polyphenoloxidase activity (xO.Ol AA 495run mg-1 protein min.-1
) 

Time after inoculation (h) 

-~ 
0 24 48 72 

TV-18 H 1.40 ± 0.02 1.65 ± 0.04 1.48 ± 0.04 1.20 ± 0.05 
I 1.30± 0.09 1.80 ± 0.04 ··2.10 ± 0.02 ··5.90 ± 0.07 

TV-22 H 0.52±0.09 0.56±0.03 0.54± 0.06 0.47 ± 0.07 
I 0.51 ± 0.02 0.59 ± 0.08 ""1.90 ± 0.03 ··uo ± o.o6 

TV-25 H 0.55 ± 0.10 0.42 ±0.09 0.47 ±0.03 0.38±0.07 
I 0.58 ±0.08 0.76 ± 0.10 0.83 ± 0.06 ""2.56 ± 0.04 

TV-26 H 0.63 ±0.08 0.82±0.05 1.00± 0.08 0.57±0.06 
I 0.6~ ±0.07 0.83 ± 0.05 1.70 ± 0.03 ··2.74 ± 0.08 

TV-29 H 0.40 ± 0.01 0.36±0.05 0.32± 0.07 0.30±0.09 
I 0.41 ± 0.02 ""1.23 ± 0.02 1.56 ± 0.02 ··2.36 ± 0.05 

~--
TV-30 H 0.60±0.07 0.69±0.05 0.74± 0.03 0.65 ± 0.02 

I 0.65 ±0.02 - ··2.36 ± 0.02 3.50 ± 0.01 ··7.30 ± 0.07 

T-17 H 1.30± 0.08 1.00 ± 0.05 0.90 ± 0.07 0.40±0.04 
I 1.32 ± 0.09 1.50 ± 0.09 1.73 ± 0.06 ""1.20 ± 0.03 

BSS-2 H 0.64±0.02 0.69 ±0.03 0.36 ± 0.10 0.36 ± 0.01 
I 0.68 ±0.09 •• 1.30 ± 0.02 1.50 ± 0.04 ··3.10 ±0.04 

BSS-3 H 0.54±0.03 0.58±0.02 0.55 ±0.07 0.49 ± 0.04 

I 0.56±0.02 0.59±0.01 1.00±0.14 0.68±0.07 

UP-2 H 3.51 ± 0.03 2.32 ± 0.07 2.52 ± 0.10 2.40 ± 0.04 
I 3.57 ± 0.05 ··4.05 ± 0.02 4.85 ± 0.12 ··3.60 ± 0.07 

UP-3 H 3.20±0.07 3.50±0.02 3.00 ±0.11 2.45 ±0.09 

I 3.00±0.05 3.50 ± 0.03 3.90 ± 0.01 ··3.70 ± 0.03 

UP-9 H 0.58±0.09 0.88±0.07 0.40 ± 0.09 0.22 ± 0.01 

I 0.63 ± 0.07 ""1.48 ± 0.09 3.16 ± 0.05 1.50 ± 0.03 
~ UP-26 H 0.49 ± 0.02 0.47 ± 0.01 0.46 ± 0.03 0.51 ± 0.10 

I 0.52 ±0.06 0.69± 0.05 ""1.05 ± 0.04 0.85 ± 0.07 

BS/ 7A/ 76 H 1.10 ±0.07 1.02 ± 0.06 0.90 ±0.02 0.60±0.09 

I 1.00 ± 0.07 0.82 ±0.09 ""1.26 ± 0.05 •• 5.02 ± 0.04 

TS-449 H 0.63 ±0.08 0.60±0.03 0.50±0.02 0.52±0.04 

I 0.65 ±0.10 1.00 ± 0.04 ""1.54 ± 0.07 ··2.87 ± 0.05 

CP-1 H 2.30 ± 0.04 2.00 ± 0.07 1.90 ± 0.05 1.70 ± 0.10 

I 2.60 ±0.05 2.05 ± 0.05 ··2.67 ± 0.09 2.09± 0.09 

P-312 H 0.56±0.03 0.55 ± 0.05 0.42 ± 0.08 0.58 ±0.08 

I 0.50±0.05 ""1.20 ± 0.06 ··2.80 ± 0.04 ··5.74 ± o.o3 

AV-2 H 0.60±0.08 0.58 ± 0.10 0.54 ± 0.06 0.49 ± 0.07 

I 0.61 ± 0.10 0.64± 0.03 0.98± 0.09 0.52 ±0.08 

H- healthy control; 1- inoculated 

-~ 
Means ± S.E, n=3. ; •• Difference between healthy and infected Significant at P=O. 0 1 as tested by 

Student's t -test. 
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Table 23. Isozymes of polyphenoloxidase expressed constitutively and on 
G.cingulata inoculation of tea leaves of Tocklai varieties. 

Variety Treatment Number of Rm values Disease 
isozymes ofisozymes reaction 

TV-18 H 2 0.12, 0.25 MR 
I 3 0.12, 0.25, 0.55 

TV-22 H 3 0.12, 0.25, 0.81 s 
I 2 0.12, 0.25 

TV-25 H 2 0.12, 0.25 MR 
I 3 0.12, 0.25, 0.55 

TV-26 H 3 0.12, 0.25, 0.81 MR 
I 3 0.12, 0.25, 0.81 

TV-29 H 3 0.12, 0.25, 0.81 MR 
I 3 0.12, 0.25, 0.81 

TV-30 H 3 0.12, 0.25, 0.81 R 
I 4 0.12, 0.25, 0.55, 0.81 

T-17/1154 H 2 0.12, 0.25 s 
I 2 0.12, 0.25 

BSS-2 H 3 0.12, 0.25, 0.81 MR 
I 4 0.12, 0.25, 0.55, 0.81 

BSS-3 H 2 0.12, 0.25 s 
I 2 0.12, 0.25 

UP-2 H 3 0.12, 0.25, 0.81 MR 
I 4 0.12, 0.25, 0.55, 0.81 

UP-3 H 2 0.12, 0.25 MS 
I 2 0.12, 0.25 

UP-9 H 3 0.12, 0.25, 0.81 R 
I 3 0.12, 0.25, 0.81 

UP-26 H 2 0.12, 0.25 s 
I 1 0.25 

BS/7A/76 H 2 0.12, 0.25 R 
I 4 0.12, 0.25, 0.55, 0.81 

TS-449 H 3 0.12, 0.25, 0.81 MR 
I 3 0.12, 0.25, 0.81 

CP-111 H 3 0.12, 0.25, 0.81 s 
I 2 0.12, 0.25 

P-312 H 3 0.12, 0.25, 0.81 MR 
I 4 0.12, 0.25, 0.55, 0.81 

AV-2 H 3 0.12, 0.25, 0.81 s 
I 2 0.12, 0.25 

H- healthy control; 1- inoculated 

4.6.3. Phenylalanine ammonia lyase 

127 

Activity of phenylalanine ammonia lyase was measured at 0, 24, 48 and 72 hours 

after inoculation in healthy and G. cingulata infected samples. Results are presented in 

Table 24. Infected tissues exhibited an increase 24h after challenge in all the varieties. 

This was followed by a rapid decline. Highest activity was found in infected leaves of 
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--J( 
-~ Table 24: PAL (Phenyl alanine ammonia lyase) activities in different tea varieties at 

various time intervals after inoculation with G. cingulata 

Variety Treatment Phenyl alanine ammonia lyase activity (~g cinnamic acid mg·1 protein min.-1
) 

Time after inoculation (h) 

0 24 48 72 

TV-18 H 16.6 ± 1.5 12.0 ± 1.3 09.5 ± 1.2 04.8 ± 1.9 
I 16.7 ± 1.7 **18.0 ± 2.2 11.1 ± 1.2 06.3 ± 2.4 

~ TV-22 H 16.7 ± 0.9 12.5 ± 1.3 11.1 ± 1.6 10.6 ± 1.7 
I 17.0± 1.2 **18.8 ± 2.8 11.8±2.3 11.6 ± 2.6 

TV-25 H 18.2 ± 1.1 18.6 ±.0.9 12.7 ± 1.3 12.1 ± 1.7 
I 18.5 ± 0.8 20.3 ± 2.1 **16.9± 2.6 15.8 ± 2.4 

TV-26 H 11.4 ± 0.8 11.1 ± 1.5 09.3 ± 0.8 08.7 ± 1.6 
I 11.4± 1.7 **17.3 ± 2.5 09.9 ± 2.3 08.9±2.8 

TV-29 H 10.2± 1.1 10.1 ± 0.5 06.7 ± 0.7 06.3 ± 1.9 
I 10.5 ± 2.2 **19.4 ± 2.3 09.5 ± 1.2 . 09.2±2.0 

TV-30 H 16.3 ±"0.7 16.1 ± 0.5 11.3 ± 1.3 09.8 ± 1.2 
I 16.3 ± 1.2 **25.0± 2.5 14.2 ± 2.1 13.2 ± 1.7 

T-17 H 16.6± 0.8 16.5-± 1.5 12.0±0.7 11.9± 1.4 
I 16.7 ± 0.9 19.r± 1.9 12.5 ± 1.6 12.1 ± 2.3 

BSS-2 H 12.9 ± 1.2 13.2± 1.3 09.8 ± 2.1 07.6± 1.0 
I 13.1 ± 0.9 •• 21.1 ± 1.2 10.6± 1.4 10.9 ± 2.4 

~ BSS-3 H 13.3 ± 1.3 10.9 ± 1.2 10.3 ±0.7 06.3 ± 1.4 
I 13.0 ± 1.2 13.8 ± 2.1 11.0 ± 2.1 06.8± 2.7 

UP-2 H 16.6 ± 1.3 13.3 ± 0.7 12.9 ± 1.1 12.2 ± 1.4 
I 16.6 ± 0.5 **18.8 ± 1.2 14.4 ± 2.1 . 13.7 ± 1.7 

UP-3 H 11.7 ± 0.7 12.0 ± 1.2 08.7± 1.1 08.2± 0.9 
I- 11.9 ± 0.5 14.8 ± 1.3 08.8 ± 1.0 06.8 ± 2.3 

UP-9 H 11.9 ± 0.9 11.5 ± 0.7 08.0± 1.9 07.2 ± 2.1 
I 12.2 ± 0.7 13.2 ± 1.9 10.7 ± 2.5 10.3 ± 2.3 

UP-26 H 13.8 ± 1.2 12.8 ± 1.1 10.4± 1.3 09.0± 2.1 
I 14.0 ± 1.6 14.5 ± 2.5 11.8 ± 2.4 09.9± 2.7 

BS/7A/76 H 16.8 ± 0.7 15.0 ± 1.6 14.3 ± 1.2 10.2±0.9 
I 17.0± 0.7 **23.6±2.9 15.0± 2.5 10.5 ± 3.4 

S-449 H 17.1±0.8 11.1 ± 1.3 10.1 ± 2.4 08.6± 2.4 

+ I 16.8 ± 1.1 **18.8 ± 2.4 11.0±1.7 09.0± 2.5 
CP-1 H 15.3 ± 0.4 15.2 ± 0.7 11.3 ± 1.5 08.8 ± 2.1 

I 15.5 ± 0.5 16.6 ± 1.5 13.7± 1.9 12.9 ± 2.7 
P-312 H 13.5± 0.7 13.0 ± 0.5 12.3 ± 1.8 08.2±2.8 

I 13.4 ± 0.5 16.0 ± 1.6 13.0± 2.4 10.1 ± 2.3 
AV-2 H 06.9± 0.8 07.0 ± 1.1 04.0± 1.6 03.2± 2.7 

I 06.8 ± 0.9 ··10.5 ± 1.3 06.0± 0.9 05.5 ± 0.8 

Means± S.E, n=3.; **Difference between healthy and infected Significant at P=O.Ol as 
tested by Student's t-test 
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--~ Table 25: TAL (Tyrosine ammonia lyase) activities in tea varieties at various time 
intervals after inoculation with G. cingulata 

Variety Treatment Tyrosine ammonia lyase activity (J.lg coumaric acid mi1 protein min. -I) 

Time after inoculation (h) 
0 24 48 72 

TV-18 H 72.0 ± 1.5 63.7 ± 2.3 62.1 ± 2.2 61.3 ± 1.9 
I 72.9± 1.7 64.2±2.2 •• 90.3 ± 3.2 67.0± 2.4 

TV-22 H 44_0± 2.9 41.3 ± 2.3 41.0 ± 1.6 40.8 ± 1.7 

~ 
I 44.7 ± 2.2 41.8 ± 1.8 42.1 ± 1.3 41.8 ± 2.6 . 

TV-25 H 42.7 ± 2.1 41.6 ± 1.9 40.9± 2.3 40.2 ± 1.7 
I 43.0± 2.8 41.5 ± 1.1 59.5 ± 2.6 41.9±2.4 

TV-26 H 41.7 ± 2.8 41.4 ± 2.5 41.9 ± 1.8 41.0± 2.6 
I 42.1 ± 1.7 41.5 ± 2.5 49.9± 2.3 45.1 ± 2.8 

TV-29 H 40.2± 2.1 40.1 ± 2.5 36.7±2.7 36.3 ± 1.9 
I 40.5± 2.2 •• 49.4 ± 1.2 ••59.5 ± 2.2 **45.5 ± 2.0 

TV-30 H 40_1 ± 2.7 39.5 ± 2.5 38.4± 2.3 35.5 ±2.2 
I 40.1 ± 1.2 41.8 ± 1.2 ··82.o ± 2.1 35.9± 2.7 

T-17 H 35.9± 1.8 35.0± 2.5 30.8 ±2.7 28.7 ± 1.4 
I 27.0± 1.9 35.8 ± 1.9 35.8±2.6 30.8 ± 2.3 

BSS-2 H 54.0± 2.2 50.9± 2.3- 45.7± 1.1 45.1 ± 1.3 
I 54.5 ± 1.9 53.7± 1.2 **65.5 ± 1.4 46.3 ± 2.4 

BSS-3 H 53.3 ± 2.3 52.9 ± 1.2 53.3 ± 2.7 53.3 ± 2.4 

-,if 
I 53.9 ± 1.2 53.8 ± 2.1 54.0 ± 2.1 52.8±2.7 

UP-2 H 27.6± 2.3 .25.6± 2.7 24.8 ± 2.1 23.6 ± 2.4 
I 27.7± 2.5 29.8 ± 1.2 •• 43.4 ± 2.1 23.8 ± 1.7 

UP-3 H 21.7 ± 1.7 22.0± 2_2 18.7 ± 2_1 18.1 ± 2.9 
I 21.9 ± 1.5 24.8 ± 1.3 25.8 ± 1.0 19.8 ± 0.3 

UP-9 H 35.7± 1.9 32.1 ± 1.7 27.9± 1.9 26.4± 2.1 
I . 35.8 ± 1.7 35.5 ± 1.9 •• 37.0 ± 1.5 28_0± 2.3 

UP-26 H 30.2 ± 2_2 26.0 ± 2.1 25.3 ± 2.3 23.5 ± 2.1 
I 30.6 ± 1.6 26.3 ± 1.5 •• 46.9 ± 1.4 23.9 ± 1.7 

BS/7A/76 H 43.6±2.7 41.4 ± 1.6 41.0± 1.2 36.5 ± 1.9 
I 43.8 ± 1.7 41.7 ± 1.9 ··59.5 ± 2.5 36.4 ± 2.4 

S-449 H 37.1 ± 2.8 36_1 ± 2.3 35.9± 1.2 34.5 ± 1.4 
I 36.8 ± 1.1 38.8 ± 1.4 •• 51.0±1.7 •• 39.0 ± 1.5 

CP-1/1 H 35.3 ± 1.4 34.2 ± 1.7 34.3 ± 2.5 28.8 ± 1.1 
+- I 35.5 ± 1.5 35.7 ± 1.5 36.0± 3.9 32.9± 1.9 

P-312 H 23.5 ± 1.3 23.0± 1.5 22.3±2.8 18.6± 2.8 
I 23.4 ± 2.5 22.9 ± 1.6 26.1 ± 2.4 20.1 ± 2.3 

AV-2 H 26.9± 3.8 26.0± 2.1 24.0±2_6 23.2 ± 1.7 
I 26.8 ± 2.1 •• 20.5 ± 2.3 26.0±2.9 24.5 ± 1.8 

Means± S.E, n=3.; •• Difference between healthy and infected Significant at P=O.Ol as tested by 
Student's t-test. 

TV-30, a resistant line, 24 hours after inoculation (25.0 units mg-I protein min-I). The 

lowest activity was found in healthy leaves of AV-2 (3.2 units mg-I protein min-I). The 

+ susceptible varieties like UP-26 exhibited very low increase in activity on inoculation. 

Significantly (P=O.OS) higher activities were observed in the inoculated leaf samples as 
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Fig. 10 (A-F): Tyrosine ammoma lyase activity m healthy and 
G. cingulata inoculated tea leaf tissues. 
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tested by Student's t-test in the resistant varieti~s (Table 23) such as TV-26, TV-29, TV-

30, BSS-2, UP-2, BS/7N76, TS-449 and CP-111. 

PAL, therefore, was induced especially in the incompatible reactions before the 

onset of symptoms. The comparison in the activity profile of this enzyme in compatible 

and in incompatible reactions is illustrated in Fig. 9 (A-F). 

4.6.4. Tyrosine ammonia lyase 

Activity profile of tyrosine ammonia lyase was studied at 0, 24, 48 and 72 hours 

after inoculation in the 18 tea varieties in healthy and G. cingulata inoculated samples. 

The activity of TAt increased 48 hours after inoculation significantly as compared to 

uninoculated control tissues in the resistant varieties (TV-18, TV-30, BS/7N76, TV-25, 

BSS-2, UP-2), sometimes becoming three-folds of the initial activity as in UP-2. The 

results are presented in Table 25 & Fig. 10 (A-F). In the susceptible ones there was a 

statistically very insignificant increase and the activity remained at the control level. 

Thus, it seems that TAL.is induced only 48 hours after inoculation, in the tea leaf tissues 

and it has a definite role in resistance mechanism. 

4. 7. Analysis of diffusible compounds in tea varieties following infection 

with G. cingulata 

Tea plants possess very high amounts of phenolics that have been implicated in 

the resistance of the tea bushes to the pathogens. Phenolics constitute the most abundant 

class of secondary metabolites and share a common origin in the phenylpropanoid 

biosynthetic pathway, in which the enzymes like PAL and TAL, are involved. Among 

their biological properties, phenolics are involved in stress responses by acting as 

chemical deterrents to pathogens and also potential scavengers of active oxygen species. 

Study involving tea plants would be incomplete without touching this major aspect. 

Besides, the study of biological activity of diffusible compounds that may interfere with 

spore germination on leaf surface, was also conducted. 

4.7.1. Changes. in levels of phenolics in healthy and G. cingulata inoculated tea 

leaves 

Phenolics are known to accumulate in numerous plant species following infection 

with fungal pathogens and in many cases they are associated with resistance. Besides, 

level of phenolics has been reported to be quite high in tea plants particularly. In plants, 
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these are found to be both - constitutive as well as inducible (level increases following 

infection) in nature during defense reaction. These compounds are also known to act as 

active oxygen species scavengers during host-pathogen interactions. Therefore, 

extraction and analysis of both total and ortho-dihydroxy phenols were performed in 18 

selected tea varieties in healthy and G. cingulata inoculated tea leaves 48 hours after 

inoculation. The results presented were average of three independent experiments. 

·4.7.1.1. Total phenol 

Total phenols were extracted and estimated in tea leaves of healthy. and G. 

cingulata inoculated tea leaves separately, 48 .hours after inoculation. Results have been 

presented in Table 26. Total phenol content decreased or rem<tined same following 

inoculation with G. cingulata in the susceptible varieties. However, there was an increase 

in the total phenol content of resistant varieties following inoculation with G. cingulata. 

Among the varieties tested, TV-30 and BS/7N76 showed maximum and significant 

increase (tested by t-test) in total phenol following inoculation with G. cingulata, while 

T-17/1/54 and-TV-22 showed maximum and significant decrease (tested by t-test) when 

inoculated with G. cingulata. Thus, it is quite clear that the resistant varieties 

accumulated high amounts of this antifungal substance, which was not the case in 

susceptible varieties. 

4.7.1.2. Ortho-dihydroxy phenol 

Orthodihydroxy phenols were also extracted and estimated in eighteen tea 

varieties. Leaves of healthy and G. cingulata inoculated tea varieties were harvested 

separately for estimation 48hp.i. Results presented in Table 26 revealed that· 

orthodihydroxy phenol content decreased in the most susceptible varieties (TV-22 and 

T -17) and increased in resistant varieties (TV -3 0 and B S/7 N7 6) following inoculation 

with G. cingulata. Therefore, results were similar to total phenol variation on 

inoculation. 

4. 7 .2. Studies on biological activities of leaf diffusates of tea 

Phenolic compounds are present within the tea leaf tissues. These act after the 

pathogen has gained access into the host. The differential resistance of tea varieties in 
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Table 26: Phenolic content in healthy and G. cingulata infected tea leaves of 

different tea varieties. 

Phenol content (mg caffeic acid g·1 leaf tissue) 

Variety Total Ortho-dihydroxy 
-------------------------------- ---------------------------------------------------------------------------------

Healthy Infected Healthy Infected 

Tocklai 
TV-18 39.9 ± 1.3 "47.6 ± 1.2 16.8 ± 2.3 17.4 ± 1.1 
TV-22 51.4±1.3 46.5 ± 1.8 10.8 ± 0.7 ·o5.9 ± 1.0 
TV-25 50.7 ±0.8 48.9 ±0.7 10.5 ± 0.7 11.2±0.9 
TV-26 43.8 ± 1.4 47.3 ± 1.1 10.1 ± 1.1 13.5 ± 1.3 
TV-29 44.9 ±0.7 46.8 ±0.7 11.3 ± 1.2 13.7 ± 1.2 
TV-30 40.0 ± 1.4 "46.4.± 1.9 11.5 ±0.9 14.6 ± 1.3 
T-17/1/54 50.6 ±0.8 "43.1 ± 2.1 12.3 ± 1.4 08.2 ± 1.2 

UPASI 
BSS-2 35.7 ± 1.3 40.5 ±0.6 09.9 ± 1.5 "15.9 ± 1.2 
BSS-3 35.2 ± 1.1 36.5 ± 1.1 09.4 ± 1.1 08.4 ± 1.5 
UP-2 38.3 ± 1.2 42.1 ± 1.2 11.1 ± 1.2 13.4 ± 1.5 
UP-3 36.8 ± 1.4 37.2 ± 1.3 12.4 ± 1.4 11.5 ± 1.2 
UP-9 41.6 ± 1.4 44.2 ± 1.1 10.2 ± 1.2 12.2 ± 1.6 
UP-26 39.4 ± 1.3 37.4 ± 1.3 12.7 ± 1.6 ·o8.o ± 1.3 

Darjeeling 
BS/7A/76 39.7± 2.3 "46.4 ± 2.3 11.6 ± 0.6 "14.6 ± 1.0 
S-449 43.5 ± 1.5 46.1 ± 1.2 15.4 ± 1.1 16.4 ± 1.1 
CP-111 45.4 ± 1.4 "40.6 ± 1.5 14.7 ± 1.1 15.4 ± 1.3 
P-312 33.6 ± 1.3 .38.4 ± 1.0 12.3 ± 1.1 11.6 ± 1.5 
AV-2 30.1 ±0.8 29.3 ±0.8 06.9 ±0.9 07.5 ± 1.0 

± SE, n=3 
• Difference between healthy and infected Significant at P=0.02 as tested by Student's t~ 
test 

response to infection with G. cingulata as evident .by varietal resistance test and 

immunological techniques, may be attributed to differences in their ability to produce 

antifungal compounds on leaf surface after inoculation with pathogen. Therefore, leaf 

diffusates were collected following drop diffusate method as described under Materials 

and Methods, and their biological activities were tested. Leaf diffusates were collected 

separately from adaxial surface of the four tea varieties- two susceptible (T-17/1/54, 

TV-22) and two resistant (TV-30 and BS/7N76) and their biological activities were 

evaluated on spore germination of G. cingulata. Percentage spores germinated and 

percentage appressoria formed were calculated. Distilled water was kept as control. The 
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results presented in Table 27 indicate that diffusates collected from TV-30 and BS/7A/76 

were much more fungitoxic than those from T -17/1/54 and TV-22. Percentage inhibition 

in spore germination and appressoria formation with respect to distilled waster control 

was much higher in case of the resistant varieties. Thus, the resistant reaction in case of 

brown blight is also exhibited due to secretion of diffusible compounds directly on the 

leaf surface in presence of water. Susceptible plants also try to ward off the pathogen, but 

these diffusible compounds are not fungitixic enough to inhibit spore germination to a 

great extent. 

Table 27: Effect of leaf diffusates of different tea varieties on spore ·germination of 
G. cingulata 

Variety %spore 1Yoinhibition in %appressoria 
Germination a spore genninationc forrnationb 

TV-30 31.6 ± 1.42 59.20 27.5 ± 2.18 

BS/7N76 33.3 ± 1.60 57.0.0 29.7± 2.54 

T-17/1/54 63.2 ± 2.03 18.45 58.3 ± 2.15 

TV-22 61.9 ± 1.86 20.12 56.6± 1.94 

Distilled water 77.5 ±0.84 N.A. 75.1 ± 3.42 
(control) 

Means± SE, n=3; 300 conidia for each treatment per experiment 

Diffusates collected 48 hours after inoculation 
Incubation temperature ± .25°C. R.H. 90% 

Time of incubation : 24h 

a Average of 3 00 spores 

b Average of 3 00 germinated spores 

clnhibition in relation to control 

%inhibition 
in appressoria 
forrnationc 

63.40 

60.45 

22.40 

24.63 

N.A. 
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4.8. Induction of resistance in tea plants against brown blight disease 

and associated changes in defense enzymes 
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The mechanism of disease resistance in plants is a very versatile and complex 

phenomenon. Many-a-times the resistant varieties are not available for use or they may 

be low-yielding. Besides, tea plant is a perennial crop and once planted, a tea bush will 

be used for as many as fifty years or even more so in case of seed varieties. This feature 

makes the use of resistant cultivars all the more difficult. Replantations are costly and 

unnecessary. Besides, organic tea is in high demand now-a-days~ while use of fungicides 

and insecticides is still high due to absence of any alternative. Presently, biodegradable 

compounds that offer wide range and long-lasting protection are in focus of the 

scientists. These are the inducers or elicitors of defense response. The principle behind 

the use of such compounds is the mechanism of Systemic Acquired Resistance (SAR), 

according to which even susceptible plants can be protected from diseases by enhancing 

their own defense mechanism. There is a signal originating at the point of elicitor 

application that moves throughout the plant and makes it resistant to subsequent attack 

by the pathogen. This phenomenon is. related to accumulation of defense enzymes such 

as chitinase (CHT), glucanase (l3-GLU) and peroxidase (POX). In this chapter an attempt 

has been made to induce resistance in the susceptible tea varieties and study the changes · 

in the defense enzymes. Besides, changes in catalase (CAT) and ascorbate peroxidase 

(APX), the two important antioxidant enzymes, were also monitored. 

For the purpose of inducing resistance three compounds have been chosen: 

(i) signal compound hydrogen peroxide (H202) ; (ii) nitric oxide (NO) donor sodium 

nitroprusside and (iii) salicylic acid analogue benzo (1,2,3) thiadiazole-7-carbothioic acid 

S-methyl ester (BTH). The optimum doze for application was determined for each 

inducer by observing the changes in morphology of two year-old potted tea plants. 

Visible deviations from normal growth were noted. 

Induction period (IP) is the optimal time required for building up of maximum 

resistance after treatment with inducer. Tea plants of three varieties - two susceptible 

(TV-22 and T-17/1/54) and one resistant (TV-30) were used in the present experiment. 

After spraying the tea plants with the optimum concentration of inducer, were next 

inoculated with spore suspension while maintaining a gap of 24h, 48h and 72h between 

treatment and inoculation. Disease intensity was assessed by disease index per plant 3 5 
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days after inoculation and percentage of protection calculated as compared to untreated 

control plants. The particular induction period for each inducer was determined and 

maintained throughout the study for each treatment. 

Time course changes in specific activity of defense enzymes on treatment with 

the three inducers separately, while maintaining the optimum time gap between treatment 

and inoculation, were conducted after 2, 6, 12, 24 and 48 hours after treatment. The 

enzymes analysed were peroxidase (POX), catalase (CAT), ascorbate peroxidase (APX), 

chitinase (CHT) and glucanase (f3-GLU). The level of these enzymes was also assessed 

48 hours after inoculation with G. cingulata. In such cases untreated healthy (UH), 

untreated inoculated (UI), treated healthy (TH) and treated inoculated (TI) sets of each 

variety were compared. 

4.8.1. Induction of resistance with hydrogen peroxide 

Hydrogen peroxide is a candidate molecule for the function of second messenger 

for SAR activation. Therefore, direct foliar application of this signal molecule was 

considered. However, since hydrogen peroxide is light-sensitive, the plant was left in the 
• dark for 8 hours after its application. Sixteen hour photoperiod was maintained 

throughout. 

Potted and field-grown plants treated with different concentrations of H202 (3%, 

0.3% and 0.15%) were observed for changes in vegetative growth. Definite wilting was 

observed in most ofthe potted plants as early as one day after application of3% solution. 

On the other hand, 0.15% solution had enhanced the growth of shoots in 10 year-old tea 

bushes and even dormant buds gave rise to young shoots after 7 days of application of 

solution. (Plate 22, figs. G & H). Therefore, 0.15% concentration of hydrogen peroxide 

was used for further experiments. 

4.8.1.1. Bioassay of hydrogen peroxide. 

Hydrogen peroxide has been reported to possess antimicrobial properties. 

Therefore, it was decided to study the effect of different concentrations of this signal 

molecule on spore germination of G. cingulata. The bioassay was performed as 

described earlier. The results are presented in Table 28. Appressoria formation was 

totally stopped by 0.01% solution of hydrogen peroxide. Interestingly, percentage of 

spore germination and germ tube length were enhanced in this concentration. Further 

increase in concentration of hydrogen peroxide decreased spore germination to control 
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levels, but the germ tube length was still quite high (Plate 22, figs. C-F). In spite of 

further fall in germination percentage, germ tube length remained significantly higher 

than in the control set. Only at 1% hydrogen peroxide concentration the germ tube length 

did not differ significantly from control value. Besides, it is noteworthy that germination 

was totally inhibited by 3% solution. 

Table 27: Effect of H202 on spore germination 

Concentration ofH202 %spore germ tube 
(%) germination length(JJ.m) 

0.00 75.5 ± 5.0. 52.1±4.3 

0.01 80.3 ± 7.5 105.3 ± 10.9 

0.03 73.5 ± 6.1 71.5 ± 7.4 

0.15 65.6± 3.6 73.4 ± 6.8 

0.30 46.1 ± 3.0 75.1 ± 7.3 

1.00 37.9 ± 2.3 52.8 ± 6.9 

Means± SE, n=3; 300 conidia for each treatment per experiment 
Incubation temperature ± 25°C. R.H. 90% 

Time of incubation: 24h 

a Average of300 spores 

b Average of 3 00 germinated spores 

of G. cingulata 

Thus, it is obvious that H202 gave rise to unfavourable environment for spore 

germination at high concentration. Low concentration, however, did not inhibit spore 

germination. On the contrary, spore germination was enhanced at low concentration. 

Absence of appressoria formation in the H202 treated spores indicates that this signal 

molecule inhibits appressoria formation and hence the infectivity potential of the spore is 

decreased. 
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4.8.1.2. Assessment of disease intensity and determination of induction period in tea 

varieties following treatment with hydrogen peroxide and inoculated with 

G. cingulata 

Induction period for 0.15% H202 was determined as mentioned above. The effect 

of hydrogen peroxide on disease development was ascertained by whole plant 

inoculation method as described earlier. Disease intensity was assessed by disease index 

per plant 3 5 days after inoculation. Percentage protection was calculated with respect to 

untreated inoculated control plants. Three tim_e gaps between inducer treatment and 

challenge inoculation were tested - 24h, 48h and 72h. The results are presented irt 

Table 29. In case of the resistant TV-30 percentage protection over control was very 

low. However, in the two susceptible varieties there were significant differences between 

the treated and untreated plants. It is clearly observed that the best protection was 

offered by H202 when it was sprayed 48h before inoculation. Even in TV-30 there was 

18.1% protection over control when this interval was maintained. The treatment offered 

45.6% protection in case of T-17/1/54 and 40.8% protection in TV-22 (Table 29). 

Hydrogen peroxide, therefore, increased resistance of tea plants against brown blight 

pathogen. Therefore, the time period of 48h was selected as the optimum time gap 

between inducer treatment and challenge inoculation. This gap (Induction Period) was 

maintained throughout the study of resistance induction with hydrogen peroxide. 

4.8.1.3. Analysis of level of defense enzymes on treatment of tea plants with 

hydrogen peroxide and inoculation with G. cingulata 

Hydrogen peroxide is has a double role of active oxygen radical as well as a 

signal molecule that activated defense responses. Therefore, time course accumulation 

studies of three antioxidant enzymes (peroxidase, catalase and ascorbate peroxidase) and 

two cell wall degrading enzymes (chitinase and ~-1,3-glucanase) were conducted in 

untreated healthy and treated healthy tea plants. For the purpose, leaves were harvested 

at different intervals after treatment for the treated and control plants. These were 

processed as described earlier for extraction and assay of different enzymes. 

Inoculation of induced and uninduced potted plants was performed 48 hours after 

treatment. Level of antioxidant enzymes and cell wall degrading enzymes was assessed 

similarly in the tea plants 48h after challenge inoculation. 
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Plate 22 (A-K) :In vitro effect ofhydrogen peroxide on conidial germination of 
G. cingulata (A-F) and effect of hydrogen peroxide (H) and SNP (sodium 
nitroprusside) (1, J & K) on tea plants. 
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Table 29: Effect of time gap between treatment with hydrogen peroxide and 
challenge inoculation on disease index per plant. 

Variety Time (h) after Disease index/plant* 

treatment with 

H202 (0.15%) 

T-17/1/54 24 4.33 ± 0.15 

48 3.07 ± 0.10 

72 4.13 ± 0.14 

Untreated control 0 5.67 ± 0.12 

TV-22 24 5.04 ± 0.12 

48 3.79 ± 0.15 

72 4.73 ± 0.10 

Untreated control 0 6.43 ± 0.03 

TV-30 24 1.00 ± 0.10 

48 0.86± 0.05 

72 1.03 ± 0.10 

Untreated control 0 1.05 ± 0.10 

± SE, n=3 ; 1 0 plants were used per experiment per treatment 

*Evaluated 35 days after inoculation with G. cingulata (GC-1). 

4.8.1.3.1. Peroxidase 

% protection 

over control 

23.6 

45.8 

27.2 

21.6 

41.1 

26.4 

04.7 

18.1 

01.9 

Peroxidase specific activity was measured in control and hydrogen peroxide 

(0.15%)- treated tea plants between 2 and 48 hours post treatment. It is evident from 

Fig. 11 (A-C) that the tea varieties used responded to treatment with H202 in terms of 

peroxidase specific activity. Initially, there was no significant change in activity up to 12 

hours after treatment. However, peroxidase activity increased significantly when 

compared to untreated control as tested by Student's t-test 24 hours after treatment in 

the tea plants. Further increase was evident 48 hours after treatment in case ofT -17, TV-

22 and TV-30. This increase was steeper in the two susceptible varieties (127% in 

T-17/1/54, 128% in TV-22) than in the resistant (83% in TV-30). There were no obvious 
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Fig. 11 (A-C): Effect ofhydrogen peroxide treatment on peroxidase 
activity in tea varieties. 
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differences in response between resistant and susceptible interactions. At the time of 

peroxidase level assessment the activity was still high in the treated healthy plants, 

except in case of the susceptible TV-22, which registered an insignificant decline. 

Inoculation of the treated tea plants with G. cingulata further stimulated . peroxidase 

activity (Table 31) when determined 48 hours after inoculation. 

4.8.1.3.2. Catalase 

Catalase is known to act as. a major hydrogen peroxide scavenger. Therefore, it 

was of a major interest to· know its effect after d~livering excess of its substrate on to tea 

leaves. Catalase specific activity was measured in control and 0.15% hydrogen 

peroxide - treated tea leaves between 2 and 48 hours post treatment. The results of these 

studies are presented in Table 30. 

Specific acivity of catalase was found to be was highest in T -17 (2.44 units mg-1 

protein min.-1
) and lowest (1.25 units mg-1 protein min.-1

) in TV-30 at the constitutive 

level. Statistically significant differences were found 12 hours after treatment in TV-22 

and TV-30 as well as 24 hours after treatment in TV-30. On the other hand, plants ofT-

17 did not show any significant variation in catalase activity throughout the study. Plants 

of TV-22, on the other hand, registered an increase (37.6%) with respect to control at 12 

hours after treatment. TV-30 behaved in a totally different way. There was a sharp and 

significant increase (97.6%) in activity 12 hours after treatment, after which gradual 

decline followed. The level of the major hydrogen peroxide scavenging enzyme did not 

change much in the susceptible varieties on treatment. In contrast, in the resistant variety 

addition of the external H202 stimulated catalase to metabolise and scavenge the radical, 

which has the potential to damage the plant cell. However, after the extra amount has 

been scavenged, there was decrease. The constitutively high presence of catalase in the 

varieties examined may· account for the tolerance of tea plants to such high dozes of 

hydrogen peroxide. 

Inoculation of the untreated susceptible varieties (T -17/1/54 and TV -22) led to 

decreased CAT activity as revealed 48 hours after inoculation (Table 31). The 

incompatible interaction, however, showed a statistically significant increase in CAT 

activity. It appears that the high amounts of this enzyme are needed for resistance in 

order to combat the oxidative stress occurring during pathogen invasion. Level of CAT 

in case of treated healthy tissues was not statistically different from the untreated healthy 
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ones. Inoculation of the treated plants, however, triggered increase in CAT specific 

activity, which was significantly different from untreated healthy and treated healthy in 

TV-22 and TV-30. 

Table 30: Time course accumulation of catalase in leaves of hydrogen peroxide-· 

treated tea plants. 

Variety Treatment 

T-17 UH 
TII 

TV-22 UH 
TII 

TV-30 UH 
TII 

. Catalase activitY. (L\A 240nm mg-1 protein min. -1 
) 

· . Time after treatment (h) 

2 6 12 24 48 

2.32 ± 0.01 2.44 ± 0.05 2.22± 0.04 2.28± 0.07 2.35 ±0.04 
2.26± 0.09 2.41 ± 0.03 2.63 ± 0.13 2.49 ± 0.17 2.57 ± 0.19 

2.09±0.06 2.16 ± 0.06 1.97 ± 0.06 2.07± 0.05 1.82 ± 0.04 
2.11 ±0.15 2.16 ± 0.13 ·2.71 ± 0.19 2.23 ± 0.22 2.35 ± 0.08 

1.26 ± 0.05 1.48 ± 0.06 1.26 ± 0.04 1.25 ± 0.06 1.27 ± 0.06 
1.35 ± 0.12 1.55 ± 0.22 "2.49 ± 0.23 ·2.31 ± 0.16 1.52 ± 0.09 

Values are means ±S.E., n=3; UH-Untreated Healthy; TH- Treated Healthy; *Difference 

with untreated healthy (UH) significant at P=0.02 tested by Student's t-test 

4.8.1.3.3. Ascorbate peroxidase 

Ascorbate peroxidase, another AOS scavenger, was investigated in the present 

discourse. Specific activity of APX was measured in control and 0.3% hydrogen 

peroxide - treated tea leaves sampled as mentioned earlier. Pattern of specific activity of 

ascorbate peroxidase was found to be similar in all the three varieties tested in case of 

treatment. (Fig. 12 A - C). There is a gradual increase with respect to control up to 48 

hours after treatment in the treated healthy plants. 

Inoculation of the treated plants increased the activity to a great extent in TV-30. 

The other two varieties showed a very low increase. Treated healthy samples did not 

register activity different from the untreated tissues as detected 48 hours after 

inoculation. Besides, inoculated untreated plants, did not show any significant changes 

from the constitutive levels in the two susceptible varieties. In contrast, G. cingulata 

inoculated plants of TV-30, a resistant variety, indicated dramatic and significant 
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Fig.12 (A- C): Effect ofhydrogen peroxide treatment on ascorbate 
peroxidase activity in tea varieties. 
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increase. Thus, APX can also be considered as a defense enzyme, since its increase is 

related to defense process. 

Table 31.: Effect of hydrogen peroxide on activity of defense enzymes in healthy 

and G.cingulata- inoculated tea plants of different varieties. 

Enzyme Variety Treatment 

--------------------------------------------------------------------------
UH UI TH TI 

Peroxidase T-17/1/54 1.45 ± 0.24 1.90 ± 0.19 3.01 ± 0.27 3.57 ± 0.39 

.(AA460nm mg·1 TV-22 1.13 ± 0.22 1.92 ± 0.29 1.81 ± 0.28 2.50±0.37 

protein min. -I) TV-30 1.66 ± 0.23 2.76 ±0.26 3.04 ± 0.37 3.54±0.34 

Catalase T-17/1/54 2.26 ±0.02 1.43 ± 0.12 2.32 ± 0.10 3.48 ± 0.09 

.(AA 240nm mg·1 TV-22 2.13 ±0.02 1.77 ± 0.11 2.45 ±0.08 2.97 ± 0.13 

' protein min.-1
) TV-30 1.33 ± 0.03 2.77 ± 0.11 1.25 ± 0.09 3.08 ± 0.10 

Ascorbate T-17/1/54 0.17 ± 0.01 0.35 ± 0.03 0.37 ± 0.03 0.78±0.04 

peroxidase TV-22 0.20±0.02 0.41 ±0.04 0.20±0.05 1.11 ± 0.04 

(AA290nm mg·1 TV-30 0.16±0.02 1.12 ± 0.04 0.15 ± 0.04 1.32 ± 0.05 

protein min:1
) 

Chitinase T-17/1/54 0.24±0.03 0.25 ± 0.08 0.31 ± 0.09 0.32 ±0.07 

(mgGlcNAc TV-22 0.26 ± 0.03 0.27 ± 0.07 0.31 ± 0.08 0.34± 0.05 

g·1tissue h:1
) TV-30 0.21 ± 0.03 0.35 ±0.06 0.29±0.06 0.36 ±0.06 

13-1 ,3-Glucanase T-17/1/54 23.7 ± 1.3 25.7± 2.3 31.2 ± 2.4 36.4 ± 2.1 

(mg glucose TV-22 24.3 ± 1.5 
I 

26;3 ± 1.9 31.6 ± 2.6 37.1±3.1 

g·1tissue min:1
) TV-30 34.1 ± 1.8 40.5 ± 1.5 34.4 ± 3.0 38.0 ± 2.4 

Values are means± SE, n=3; UH- Untreated Healthy; UI- Untreated Inoculated; TH

Treated Healthy; TI-Treated Inoculated 
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4.8.1.3.4. Chitinase 

Chitinase is included in PR-3 group of pathogenesis-related proteins (PR-3) and 

these are elicited by the SAR inducers. In the present work, it was found out that 

application of hydrogen peroxide enhanced the basal level of chitinase significantly in 

tea plants only after a lag . of 48h, when the activity increased as compared to the 

constitutive level in T-17, TV-22 and TV-30 (Table 32) separately. 

Treated inoculated susceptible varieties indicated an increase in CHT activity, 

which was similar arid statistically not different from the values obtained. in case of 

untreated inoculated resistant variety (Table 31 ). Thus, CHT is associated with the 

induced resistance in tea plants. 

Table 32: Time course accumulation of chitinas~ in leaves of hydrogen peroxide

treated and untreated tea plants. 

Variety Treatment Chitinase activity (mg GlcNAc g"1tissue h:1
) 

. Time after treatment (h) 

2 6 12 24 48 
------------------------------------------------------------------------------------------

T-17 UH 0.254±0.05 0.212 ± 0.06. 0.245 ±0.02 0.230±0.04 0.250 ± 0.06 
TH 0.253 ±0.03 0.208±0.05 0.164±0.06 0.256 ±0.06 "0.461 ± 0.05 

TV-22 UH 0.276 ±0.05 0.254± 0.04 0.279±0.05 0.263 ± 0.03 0.281 ± 0.05 
TH 0.231 ± 0.04 0.257±0.06 0.224 ± 0.04 "0.386 ± 0.03 "0.491 ± 0.08 

TV-30 UH 0.216 ± 0.03 0.204±0.05 0.222±0.04 0.201 ±0.04 0.218 ± 0.03 
TH 0.203 ± 0.01 0.164 ± 0.02 0.119 ±0.04 ·o.357 ± o.o7 ·o.409 ± o.o5 

Values are means ±S.E., n=3; UH-Untreated Healthy; TH- Treated Healthy; 

*Difference with untreated healthy (UH) significant at P=0.02 tested 

· by Student's t-test 

4.8.1.3.5. 13-1,3-glucanase 

13-1,3-glucanase is another PR-protein, included in PR-2 family. The time course 

accumulation on treatment is illustrated in Fig.13 (A - C). Significant differences from 

the untreated is noticed in case ofT-17 and TV-22. However, no such differnces were 

observed in TV-30. 
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Fig 13 (A- C): Effect of hydrogen peroxide treatment on J3-1,3 
glucanase activity in tea varieties. 
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Inoculation with G.cingulata enhanced the level of this important enzyme in all 

the interactions, especially obvious in case of the treated susceptible varieties (Table 31 ), 

which was comparable to the healthy inoculated of resistant variety (TV-30). 

It is quite clear from the results that hydrogen peroxide acts via POX and APX as 

ROS scavengers through increase in CHT and f3GLU, which are important biochemical 

markers of induced resistance. 

4.8.2. Induction of resistance with sodium nitroprusside 

Sodium nitroprusside (SNP) or sodium pentacyanonitrosoferrate generates nitric 

oxide when it comes in contact with the vascular system in presence. of light and a 

reducing agent. NO has been recently identified as a molecule that mediates 

hypersensitive cell death, but its exact role in the resistance mechanism is unclear. In the 

present experiment, an attempt has been made to induce resistance against G. cingulata 

in tea plants and to ascertain its effect on the various defense enzymes as mentioned 

earlier. 

Initially, the optimum doze was determined by treating the potted plants with 

hnM, 0.1mM and O.OlmM concentrations of SNP as described earlier. No adverse 

effects on the growth of the plants were observed for 0.1 and 0.01mM concentrations. 

However, some dark spots resembling HR were observed on the edges and also on the 

middle portions of leaf lamina 3 days after the spray with lmM solution of sodium 

nitroprusside (Plate 22, figs. I-K). These spots reduced and completely vanished 10 days 

later. However, since the quality of the young tea leaves is industrially important, next 

higher concentration (O.lmM) was used for the present study. 

4.8.2.1. Assessment of disease intensity and determination of induction period in tea 

varieties following treatment with sodium nitroprusside and inoculated with 

G. cingulata 

The potted tea plants of TV-30, TV-22, T-17/1/54 varieties were sprayed with 

O.lmM SNP solution and inoculated with G. cingulata spore suspension as described 

earlier while keeping a gap of 24h, 48h and 72h after treatment. The DI (Disease Index) 

was assessed 35 days after inoculation. The results presented in Table 33 indicate that the 

best protection was offered to the tea plants when the gap between treatment and 

inoculation was 24h. The efficacy of the treatment reduced with the increasing time 
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Table 33: Effect of time gap between treatment with sodium nitroprusside and 

challenge inoculation with G. cingulata on disease index per plant. 

Variety 

·T-17/1/54 

Untreated control 

TV-22 

Untreated control 

. TV-30 

Untreated control 

Time (h) after 

treatment with 

SNP (1mM) 

24 

48 

72 

0 

24 

48 

72. 

0 

24 

48 

72 

0 

Disease index/plant* 

3.20 ± 0.16 

4.22 ± 0.12 

5.04± 0.09 

5.64 ± 0.11 

3.59 ± 0.08 

4.11±0.12 

5.76± 0.04 

6.40 ± 0.12. 

0.93 ± 0.30 

0.97 ± 0.25 

1.01 ± 0.13 

1.03 ± 0.15 

± SE, n=3 ; ten plants were used per experiment per treatment 

*Evaluated 35 days after inoculation with G. cingulata (GC-1). 

% protection 

over control 

45.0 

25.2 

11.6 

51.7 

35.8 

10.0 

09.7 

05.8 

01.9 

period. In the susceptible TV-22, DI reduced by 57.1%, while in T-17/1/54, it reduced by 

45% with respect to the untreated control plants. In the resistant TV-30 maximum 

reduction in DI was only 9.7%. It is therefore, clear that the IP (Induction Period) is 24h 

for the present system. This time gap between treatment and inoculation was maintained 

throughout the study of SNP effect on tea plants. 
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Table 34: Effect of sodium nitroprusside on activity of defense enzymes in healthy 

and G. cingulata - inoculated tea plants of different varieties. 

Enzyme Variety Treatment 

------------------------------------------------------------------------------------
UH UI TH TI 

Peroxidase T-17/1/54 1.52 ± 0.14 1.90 ± 0.19 1.78 ± 0.16 3.18 ± 0.24 

.(llA 460nm mg-1 TV-22 1.10 ± 0.26 1.92 ± 0.33 1.32 ± 0.17 2.52 ±0.34 
., 

protein min.-1
) TV-30 1.80 ±0.34 2.70±0.35 2.18 ± 0.40 3.26±0.41 

Catalase T-17/1/54 2.28±0.07 2.86±0.09 2.58 ± 0.16 3.37 ± 0.10 

.(llA 240nm mg-1 TV-22 · 2.07 ±0.05 2.44 ± 0.07 2.34 ± 0.15 2.95 ±0.05 

protein min.-1
) TV-30 1.25 ± 0.06 2.56±0.11 1.45 ± 0.20 3.18 ± 0.10 

Ascorbate T-17/1/54 0.16 ± 0.01 0.37±0.03 0.24±0.03 1.26 ± 0.10 

peroxidase TV-22 0.15 ± 0.01 0.45 ± 0.04 0.20 ±0.02 0.88 ±0.06 

(llA 290run mg-1 TV-30 0.18±0.02 1.17 ± 0.04 0.23 ± 0.04 1.24 ± 0.06 

protein min. -1 
) 

Chitinase T-1711/54 0.23 ±0.03 0.25 ± 0.05 0.75 ± 0.10 0.80 ± 0.05 

(mg GlcNAc TV-22 0.26±0.04 0.29 ± 0.03 0.82 ± 0.09 . 0.85 ± 0.06 

t 1tissue h.-1
) TV-30 0.20±0.03 0.43 ± 0.04 0.45 ± 0.11 0.67 ± 0.03 

13-1,3-Glucanase T-17/1/54 23.31 ± 1.34 26.57 ± 2.31 39.52 ± 2.55 43.24 ± 2.71 

(mg glucose TV-22 24.34 ± 3.62 29.30 ± 1.45 30.31 ± 5.26 45.71 ± 3.14 

33.03 ± 3.72 37.85 ± 2.54 48.14 ± 1.90 50.80 ± 2.43 

Values are means± SE, n=3 ; UH- Untreated Healthy; UI- Untreated Inoculated; TH

Treated Healthy; TI-Treated Inoculated 
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4.8.2.2. Analysis of level of defense enzymes on treatment of tea plants with sodium 

nitroprusside and inoculation with G. cingulata 

Sodium Nitroprusside acts by releasing NO (Nitric oxide) into the plant system. 

NO is an important gaseous ROS that regulates cellular processes in living organisms. It 

was therefore considered worthwhile to examine time course accumulation of the ROS 
' ' 

scavenger enzymes - peroxidase, catalase and ascorbate peroxidase on treatment with 

SNP as well as on inoculation with G. cingulata. Besides, since some amount of 

protection was offered by the compound, the activities of two PR-proteins (Pathogenesis

related proteins) - PR-2 ( f3-1,3-glucanase) and PR-3 (chitinase) were also assessed in 

treated and untreated plants 48h post inoculation. 

4.8.2.2.1. Peroxidase 

Peroxidase specific actiVIty was found to be decreasing initially right after 

treatment in the tea plants as shown in Fig 14 (A-C). However, significant decrease was 

found only in T -17/1/54 at 6 and 12 hours after treatment. The plants of this variety were 

more responsive even in hydrogen peroxide treatment as compared to TV-22. The 

specific activity increased significantly at P=0.01 as tested by Student's t-test 48 hours 

after treatment in all the three varieties. The increase was to the extent of 127%, 85.7% 

and 190.9% in T-17, TV-22 and TV-30 respectively, when compared to their 

corresponding controls (untreated healthy). Therefore, after a lag phase of around 12 h, 

POX activity increased on treatment with the NO releasing agent, SNP (sodium 

nitroprusside). 

Further, activity of this enzyme in the inoculated untreated plants 48 hours after 

inoculation also increased when compared to the untreated healthy control (Table 34). 

Treated inoculated plants exhibited maximum activity. These plants were induced for 

resistance and hence the increase in this defense enzyme. Thus, in this interaction also 

POX defends the plants against the potential threat by increase in specific activity. 

4.8.2.2.2. Catalase 

The level of this important ROS scavenger shows an increasing accumulation in 

the two susceptible varieties T-17 and TV-22, maximum being at 6hpt, up to 27.8% and 

24.5% respectively relative to the corresponding control (Table 35). However, for the 

rest of the time intervals there are no significant changes in any of the varieties. 



t 

3.5 

3 

·~ 2.5 

e 2 c. 

3 

'~:: .8 2.5 

I: 
".§ 2 
8 
c. 1.5 

'co 
s 
~ 

~r 0.5 

TV-17/1154 

2 6 12 24 48 

Time course(h) 

TV-22 

0~~~~~==~~==~-===~~~~ 

3 

:§ 2.5 
I: 

".§ 2 
8 
c. 

'co 1.5 
s 

E 1 
~ 

:a 0.5 

2 

2 

6 12 24 48 

Time course(h) 

TV-30 

6 12 24 48 

Time course(h) 

A 

B 

c 

Fig. 14 (A - C): Effect of sodium nitroprusside treatment on 
peroxidase activity in tea varieties 

153 



-+ 

?:~· 

t 

154 

Table 35: Time course accumulation of catalase in leaves of sodium nitroprusside

treated tea plants. 

Variety Treatment 

2 

T-17 UH 2.32 ± 0.03 
TH 3.06 ±0.11 

TV-22 UH 2.09±0.06 
TH 2.54±0.12 

TV-30 UH 1.26 ± 0.05 
TH 1.58 ± 0.11 

. Catalase activity .(AA Z40nm mg-1 protein min.-1
) 

. Time after treatment (h) 

6 12 24 48 

2.44±0.05 2.22±0.04 2.28 ± 0.07 2.35 ± 0.04 
"3.12 ± 0.11 2.36±0.14 "2.58 ± 0.15 2.16 ± 0.10 

2.1'6± 0.06 1.97 ± 0.06 2.07±0.05 1.82 ± 0.04 
"2.69 ± 0.13 2.31 ± 0.19 "2.34 ± 0.15 2.05 ±0.08 

1.48 ± 0.06 1.26 ± 0.04 1.25 ± 0.06 1.27 ± 0.06 
1.64 ±0.18 1.51±0.19 1.45 ± 0.20 1.44 ± 0.07 

Values are means± SE, n=3; UH- Untreated Healthy;TH-Treated Healthy; Difference 

with untreated healthy (UH) significant at P=0.02 tested 

by Student's t-test 

Thus, the effect of NO production via SNP application is indicated in CAT· activity 

profile. Probably, NO produced acts by increasing level of hydrogen peroxide. In any 

case, the indication is that the extra hydrogen peroxide might have been produced 

initially, mainly within the first 6 hours after treatment. 

Inoculation with G. cingulata increased the activity of CAT irrespective of the 

disease index of the varieties. Significant increase however, was noted in TV-30, the 

resistant variety (Table 34). Similar increase was found on treatment with SNP, which 

brought the level of CAT in the susceptible varieties to the level similar to that in the 

resistant variety. 

4.8.2.2.3. Ascorbate peroxidase 

It is clear from Fig. 15 (A- C) that APX activity is induced in all SNP-treated 

plants up to 12 hours after treatment. The greatest increase was 12 hours after treatment 

to as much as 211.8%, 100% and 61.1% in T -17, TV -22 and TV -3 0 respectively relative 

to their corresponding controls. This means that high amounts of endogenous H202 are 

actually produced by NO, which are required to be scavenged, and APX is the enzyme 
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Fig. 15 (A- C): Effect of sodium nitroprusside treatment on ascorbate 
peroxidase activity in tea varieties. 
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undertaking this function in tea plants. Probably, after CAT stops acting APX takes off 

from that point to scavenge the radical. 

Inoculation of the untreated tea plants did not change activity of APX 

significantly in the susceptible plants 48 hours after inoculation (Table 34). However, 

significant increase of this enzyme was noticed in the inoculated resistant varietiy TV-30 

(irrespective of treatment) as well as in SNP-treated inoculated susceptible varieties. The 

high APX levels may be necessary for the resistance to develop. 

4.8.2.2.4. Chitinase 

Chitinase activity was measured in control (untreated healthy, UH) and 0.1mM 

SNP -treated (treated healthy, TH) (T-17, TV-22 and TV-30) are presented in Fig. 16 

(A- C). It is., quite clear that the CHT activity was at its highest in all the SNP-treated tea 

plants at 24 hours after treatment. There was a progressive increase 6 hours after 

treatment onwards up to 24 hours after treatment, after which there was a decline. This 

increase was significant with respect to the untreated control plants at 24 and 48 hours 

after treatment in the varieties examined. 

Inoculation of tea plants with G. cingulata increased the level of this important 
~ 

PR protein drastically in case of the resistant variety (TV-30) with respect to the 

untreated healthy control (Table 34). In the susceptible untreated inoculated varieties no 

such significant increase was noted. However, treatment with SNP increased the level of 

this enzyme, which persisted even 48 hours after inoculation in the susceptible T -17/1/54 

and TV-22. In the resistant TV-30, on the other hand, there was a further increase with 

respect to the healthy control in the treated inoculated samples. It is interesting to note 

that the level of this enzyme in the induced resistant plants was much higher than in the 

resistant TV -3 0. 

4.8.2.2.5. 13-1,3-glucanase 

13-1,3-glucanase activity was measured in control (untreated healthy, UH) and 

O.lmM SNP - treated (treated healthy, TH) tea leaves sampled between 2 and 48 hours 

post treatment with 0.1mM SNP solution. The results are presented in Table 36. Specific 

activity of this enzyme reached its peak at 48 hours after treatment in all the 

susceptible tea varieties examined (T -17/1/54 and TV -22). There was a progressive 

increase in such cases 6 hours after treatment onwards up to 48 hours after treatment. 

Statistically significant differences between untreated and treated tea plants was noted 

12 hours after treatment in TV-22 and 24 hours after treatment in T-17/1/54. The 
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Fig. 16 (A- C): Effect of sodium nitroprusside treatment on chitinase 
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Table 36: Time course accumulation of f3-1,3-glucanase.(mg glucose g-1tissue 

min. -t) in leaves of sodium nitroprusside-treated and untreated tea plants . 

Variety Treatment . Time after treatment (h) 

2 6 12 24 48 

T-17 UH 22.9±4.7 25.1±1.5 21.0 ± 1.1 23.3 ± 1.3 20.1 ± 4.9 
TH 19.8 ± 3.2 24.6 ± 1.0 23.8 ± 1.7 "29.5 ± 2.5 "35.3 ± 3.5 

TV-22 UH 26.1 ± 3.8 23.4 ± 1.3 25.4±2.8 24.3 ± 3.6 25.6 ± 5.4 
TH 22.4 ± 2.9 23.7 ± 3.3 .30.2 ± 3.4 ·32.3 ± 5.2 .34.6 ± 2.2 

TV-30 UH 35.1 ± 1.9 36.2±2.8 32.8± 3.6 33.0± 3.7 35.4 ± 2.9 
TH .28.3 ± 1.8 .30.9 ± 1.2 35.4 ± 1.4 .38.1±1.9 38.5 ± 5.5 

Values are means ± SE, n=3 ; UH- Untreated Healthy; TH-Treated Healthy; 

·Difference with untreated healthy (UH) significant at P=0.05 tested by Student's t-test 

resistant TV-30, however, behaved differently. Significant decrease in activity occured 

initially as early as 2 hours after treatment in this case. However, there was an abrupt 

recovery 12 hours after treatment and finally activity reached its peak 48 hours after 

treatment, which was much higher than in the SNP-treated susceptible varieties. 

The untreated plants of the three varieties inoculated with G. cingulata spore 

suspension, exhibited a slight increase with respect to the healthy control plants. 

Treatment with NO-releasing molecule (sodium nitroprusside) enhanced the activity of 

f3GLU notably (Table 34) in all the interactions. 

It is, therefore, clear from these results that whatever little protection was offered to 

the susceptible tea varieties, was due to the induction of the two cell wall degrading 

enzymes - chitinase and f3-1,3-glucanase. Besides, status of the antioxidant enzymes -

catalase and ascorbate peroxidase was enhanced on inoculation especially in SNP

treated plants. The regulatory enzyme, peroxidase, however, increased in all the 

interactions. Its involvement needs more detailed investigation. 

4.8.3. Induction of resistance with benzothiadiazole 

SAR activator, salicylic acid analogue, benzo(1,2,3)thiadiazole-7:...carbothioic acid 

S-methyl ester (BTH) was initially tested for its effect on tea plants at different 

concentrations viz. 0. 01%, 0.1% and 1% diluted with distilled water and stirred on 
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Plate 23 (A-G): Effect of BTH (benzothiadiazole) treatment. 
Untreated (A) and BTH-treated (B & C) tea plants (T -17 /1154) and 
cross sections of healthy (D & F) and 0.1% BTH-treated leaves 
(E&G). 
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Fig. 17: Effect of time gap between treatment with benzothiadiazole and 
challenge inoculation with G. cingulata on Disease development. 
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magnetic stirrer until the solution was homogenous. It was noted that the plants sprayed 

with 1% solution were visibly stunted with respect to the untreated plants one month 

after the spray. Their buds did not exhibit the expected growth as compared to the plants 

treated with the two lower concentrations (Plate 23, figs. A - C). Therefore, the next 

highest concentration (0.1 %) was used for induction of resistance in the present 

experiment. 

4.8.3~1. ~ssessment of disease intensity and determination of induction period in tea 

varieties following treatment with benzothiadiazole and inoculated with 

G. cingulata 

Initially, just as in the previous treatments, optimum time gap between treatment 

and inoculation with G. cingulata, was standardized. Disease intensity was assessed by 

whole plant inoculation technique. The results are presented in and Figure 17. It is 

evident from these findings that the time gap of 48 h between treatment and challenge 

inoculation controlled the disease to the best extent. Protection was as much as 72.52% 

in case ofthe susceptible variety T-17/1/54 and 68.13% in TV-22. In the resistant TV-30 

it was 32.38% .. In view of the best protection offered by this compound out of the three 

tested, field trials were conducted with BTH. The treatment with the inducer visibly 

reduced the brown blight infection during its occurrence. 

4.8.3.2. Anatomical changes 

Cross-sections of the untreated and long-term BTH-treated (4 consecutive sprays) 

tea leaves were observed under microscope and visible changes in the anatomy. There 

was thickening in the mesophyll cells of the tea leaves (Plate 23, figs E & G) that was 

absent in the untreated leaves (Plate 23, figs D & F). 

4.8.3.3. Analysis of level of defense enzymes on treatment of tea plants with 

benzothiadiazole and inoculation with G. cingulata 

Studies on the levels of defense enzymes, POX, CAT, APX, CHT and GLU were 

conducted as described for the earlier two inducers. Initially, time course accumulation 

changes in the enzyme level were recorded and subsequently these were assessed after 

inoculation in BTH- pre-treated and untreated tea plants and compared to the respective 

controls. 

4.8.3.3.1. Peroxidase 

Time course accumulation of POX in the BTH-treated tea plants indicated a 

statistically significant increase in POX specific activity 48 hours after treatment in T -17, 
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TV-22 and TV-30 (Table 37). Thus there was a very gradual increase in activity on 

treatment in all the three tea varieties examined. No significant differences in POX 

activity pattern was observed between the different varieties. 

Inoculation of the tea plants with G. cingulata did not change the level of specific 

activity of POX to any significant extent. However, there was a rise in enzyme content 

on treatment (Table 39). Treated inoculated plants did not show activity different from 

the treated healthy. Therefore, activity ofPOX did not reveal much changes in this case. 

4.8.3.3.2. Catalase 

Catalase specific activity reduc,ed and differed significantly when tested by 

Student's t-test at 24 hours after treatment in the two susceptible varieties, T-17 and TV-

22 (Table 38). It seems that BTH, similar to SA, inhibited CAT activity in tea. 

Inoculation of untreated tea plants with G. cingulata caused a slight but 

insignificant increase in activity in case of the susceptible varieties T -17 and TV -22. 

Table 37: Time course accumulatio~ of peroxidase in leaves of benzothiadiazole 

treated tea plants. 

.Variety Treatment 

T-17 UH 
TH 

TV-22 UH 
TH 

TV-30 UH 
TH 

2 

. Peroxidase activity .(I!..A 460nm mg-1 protein min.-1
) 

Time after treatment (h) 

6 12 24 48 
-------------------------------------------------------------------------------

1.54 ± 0.26 1.62 ± 0.24 1.52 ± 0.33 1.48 ± 0.24 1.50 ± 0.26 
1.57 ± 0.14 1.59 ± 0.32 1.58 ± 0.24 1.94 ± 0.27 "2.46 ± 0.31 

1.03 ± 0.22 1.12 ± 0.31 0.98± 0.25 1.11 ± 0.21 0.88 ± 0.16 
0.98 ±0.27 1.15 ± 0.24 1.18 ± 0.25 1.28 ± 0.28 "1.47 ± 0.26 

1.64 ± 0.15 1.72 ± 0.19 1.68 ± 0.28 1.73 ± 0.24 1.69 ± 0.33 
1.67 ± 0.24 1.70 ± 0.23 1.65 ± 0.17 "2.09 ± 0.22 "2.30 ± 0.27 

Values are means± SE, n=3; UH- Untreated Healthy; TH-Treated Healthy; 

*Difference with untreated healthy (UH) significant at P=0.05 tested 

by Student's t-test 
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Table 38: Time course accumulation of catalas~ in leaves of benzothiadiazole
treated and untreated tea plants. 

Variety Treatment 

T-17 uH 
TH 

TV-22 UH 
TH 

TV-30 UH 
TH 

Catalase activity (.c!\A 240nm mg-1 protein min.-1
) 

Time after treatment (h) 

2 6 12 24 

2.22 ±0.02 2.21 ±0.06 2.22±0.05 2.28 ±0.07 
2.26± 0.04 2.22±0.06 2.05 ±0.04 • 1.93 ± 0.04 

1.97 ± 0.04 2.06,±0.03 1.97 ± 0.08 2.07±0.08 
2.05 ±0.05 2.05 ±0.07 1.77 ± 0.09 .1.66 ± 0.05 

1.26 ± 0.03 1.24 ± 0.06 1.26 ± 0.06 1.25 ± 0.09 
1.20 ± 0.07 1.25 ± 0.08 1.26 ± 0.09 1.23 ± 0.11 

Values are means± SE, n=3; UH- Untreated Healthy; TH-Treated Healthy; 

·Difference with untreated healthy (UH) significant at P=0.05 tested by Student's t-test 

48 

2.35 ± 0.07 
.1.46 ± 0.09 

1.98 ± 0.10 
.1.22 ± 0.10 

1.27 ± 0.10 
1.02 ± 0.08 
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On the contrary, inoculation of TV-~0 under the same conditions caused a markedly 

significant increase in activity (Table 39). Inoculation of the induced plants with the 

pathogen caused a recovery of the lost catalytic activity. Therefore, the ultimate level of 

CAT remained same independent of treatment. It may be that after hydrogen peroxide is 

utilised for some sort of signal reactions, level of CAT returns to its basal level. 

Reduction in CAT may be needed for increasing hydrogen peroxide concentration in the 

tea tissues. 

4.8.3.3.3. Ascorbate peroxidase 

APX behaves in a manner similar to CAT. BTH treatment gradually reduced 

level of the enzyme in tea tissues, especially 24 and hours after treatment (Fig.l8 A- C). 

APX specific activity was also measured in G. cingulata inoculated control (untreated 

inoculated, ill) and 0.1% BTH-treated (treated inoculated, TI) tea leaves 48 hours after 

inoculation. These were compared with the uninoculated controls as well. The results are 

presented in Table 39. It is evident that just as in case of CAT, there was a recovery of 

this antioxidant enzyme in the treated susceptible varieties on inoculation. There was 

only an insignificant increase on inoculation in the uninduced tea plants (T -17 and TV-

22). When these plants were inoculated after pre-treatment with BTH, level of APX 

was significantly greater than in the untreated inoculated plants of the susceptible 
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Fig. 18 (A -C): Effect of benzothiadiazole treatment on ascorbate 
peroxidase activity in tea varieties. 
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varieties (T -17 and TV -22). The resistant variety, however, did mot register any 

significant changes in the enzyme level with respect to untreated inoculated. In this 

resistant variety, APX level did not differ between UI and Tl. Therefore, role of APX in 

· resistant reaction is quite obvious, as treatment enhanced the level of APX in the 

susceptible varieties on inoculation. 

4.8.3.3.4. Chitinase 

Citinase, the enzyme considered to be an important marker if induced resistance, 

was measured in the leaf tissues of different varieties on treatment with BTH. Time 

course studies indicated significantly enhanced the level of this enzyme in the susceptible 

varieties only (T-17 and TV-22), which-,was found to be highest 48 hours after treatment 

(Fig. 19 A- C). No significant difference was found in the resistant TV-30 variety with 

respect to control throughout the study. CHT activity was also measured in control 

(untreated inoculated, UI) and 0.1% BTH-treated (treated inoculated, TI) tea leaves 48 

hours after inoculation. These were compared with the uninoculated control plants as well. 

The results are presented in Table 39. It is evident that pre-treatment has enhanced CHT 

activity in the susceptible varieties (T -17 and TV -22) on inoculation significantly with 

respect to untreated plants. On the other hand, the untreated plants of TV-30 variety, 

registered a dramatic and significant increase on inoculation with G. cingulata. Therefore, 

CHT plays a definite and important role on resistance induced with BTH. 

4.8.3.3.5. J3-1,3-glucanase 

J3-1,3-glucanase activity was initially measured in control (untreated healthy, 

UH) and BTH- treated (treated healthy, TH) tea leaves sampled between 2 and 48 hours 

after treatment. The results are presented in Fig. 20 (A - C). Significant increase in 

activity of this enzyme was observed at 24 and 48 hours after treatmen in the susceptible 

varieties (T-17 and TV-22) with respect to the control. The resistant variety, TV-30, 

however, did not show any significant increase on treatment throughout this study. 

J3GLU activity was measured in control (untreated inoculated, UI) and BTH-treated 

(treated inoculated, TI) tea leaves 48 hours after inoculation with G.cingulata. These 

were compared with the uninoculated controls. The results are shown in Table 39. The 

level of this hydrolysing enzyme indicated a trend similar to CHT. Pre-treatment with 

B TH enhanced J3GLU activity in the susceptible varieties T -17 and TV-22 after 

inoculation. 
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The same pre-treatment also changed the level of f3GLU to a great extent in the 

inoculated resistant variety (J'V-30) with respect to control. On the contrary, inoculation 

of the untreated resistant variety (incompatible reaction) significantly increased the level 

of f3GLU. In untreated susceptuble varieties (T -17 and TV -22) inoculation (compatible 

reactions) did not change the level of J3GLU to any significant extent. Thus, only when 

the level of J3GLU came to the level found in the inoculated resistant variety, there was 

induced resistance in tea plants. 

Table 39: Effect of benzothiadiazole on activity of defense enzymes in healthy 

G. cingulata - inoculated tea varieties. 

Enzyme Variety Treatment 

---------------------------------------------------------------------------
UH UI TH TI 

Peroxidase T-17/1/54 1.~2 ± 0.14 1.79 ± 0.27 2.46 ± 0.33 2.43 ± 0.41 

.(AA 460mn mg-1 TV-22 0.99±0.13 1.16 ± 0.19 . 1.47 ± 0.24 1.40 ± 0.37 

protein min. -I) TV-30 1.69 ± 0.04 1.88 ± 0.03 2.79 ±0.04 2.82±0.04 
~ 

Catalase T-17/1/54 2.35 ± 0.05 2.86±0.09 1.46 ± 0.12 2.81 ± 0.11 

.(AA 240nm mg-1 TV-22 1.98 ± 0.07 2.44 ± 0.07 1.22 ± 0.05 2.51 ± 0.12 

protein min. -1 
) TV-30 1.27 ± 0.03 2.76 ± 0.10 1.02 ± 0.07 2.26±0.08 

Ascorbate T-17/1/54 0.14± 0.02 0.33 ± 0.01 0.06± 0.01 1.08 ± 0.05 

peroxidase TV-22 0.20 ± 0.03 0.39 ± 0.04 0.08± 0.01 0.62±0.03 

(AA 290run mg-1 TV-30 0.10 ± 0.01 1.15 ± 0.03 0.07 ±0.01 1.26 ± 0.02 

protein min. -I ) 

Chitinase T-17/1/54 0.25 ±0.03 0.25 ±0.05 1.21 ± 0.07 1.47 ± 0.05 

(mg GlcNAc TV-22 0.28 ± 0.03 0.29 ± 0.07 1.04 ± 0.05 1.26 ± 0.02 

g-1tissue h.-1
) TV-30 0.22 ± 0.04 0.96± 0.04 0.94 ± 0.03 1.23 ± 0.09 

~-1,3-Giucanase T-17/1/54 22.60 ± 1.03 24.32 ± 2.35 56.83 ± 3.42 55.33 ± 3.13 

(mg glucose TV-22 26.50 ± 1.15 25.40 ± 1.81 37.92 ± 3.63 56.3 ± 2.77 

g-1tissue min.-1
) TV-30 34.41 ± 1.80 57.3 ± 2.91 46.7 ± 3.71 55.4 ± 3.07 

Values are means± SE, n=3; UH- Untreated Healthy; UI- Untreated Inoculated; TH-Treated Healthy; TI

Treated Inoculated 
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4.9. Peroxidase isozyme analysis of tea plants following induction of 

resistance towards G. cingulata 
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Peroxidase is included in PR-9 family of pathogenesis-related proteins. It is an 

important regulator of various cellular processes and is very diverse regarding its 

substrate. Activity profile on induced resistance has already been investigated in the 

previous section. Besides, activity and isozyme analysis was conducted in healthy and G. 

cingulata inoculated leaf tissues of different varieties. Therefore, it was decided to 

conduct isoperoxidase profile analysis by Native PAGE on induced resistance. POX 

isozyme analysis was conducted 6, 12, 24 and 48 h post treatment with the inducing 

agent (hydrogen peroxide, sodium nitroprusside or benzothiadiazole). Besides, analysis 

was done for treated healthy (TH), treated inoculated (TI), untreated healthy (UH), and 

untreated inoculated (UI) 48 hours post inoculation with G. cingulata. Induction period 

was maintained as 48 h for H20 2 and BTH, while for SNP 24 h was maintained 

throughout the study as per earlier findings. 

Table 40: Relative mobility (Rm) v~lues of isoperoxidases in healthy control and 

hydrogen peroxide treated tea plants. 

Variety Hours post treaUnent Number of isozymes R.n values of isozymes 

T-17/1/54 Control 2 0.28, 0.47 
6 2 0.28, 0.47 

12 2 0.28, 0.47 
24 3 0.28, 0.47, 0.60 
48 4 0.28, 0.47, 0.60, 0.72 

TV-22 Control 2 0.28, 0.47 
6 2 0.28, 0.47 

12 2 0.28, 0.47 
24 3 0.28, 0.47, 0.60 

48 4 0.28, 0.47, 0.60, 0.72 

TV-30 Control 2 0.28, 0.47 
6 2 0.28, 0.47 

12 2 0.28, 0.47 
24 2 0.28, 0.47 

48 3 0.28, 0.47, 0.60 
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Table 41: Effect of treatment with hydrogen peroxide and inoculation with 
G. cingulata on peroxidase isozyme profile. 

Variety Treatment Number of isozymes R.n value of isozymes 

T-17/1/54 UH 2 0.28, 0.47 
UI 3 0.28, 0.47, 0.92 
TH 3 0.28, 0.47, 0.85 
TI 6 0.20, 0.28, 0.47, 0.72, 0.85, 0.92 

TV-22 UH 2 0.28, 0.47 
UI 3 0.28, 0.47, 0.92 
TH J 0.28, 0.47, 0.85 
TI 6 0.20, 0.28, 0.47, 0.72, 0.85, 0.92 

TV-30 UH 2 0.28, 0.47 
UI 4 0.11, 0.28, 0.47, 0.60 
TH 3 0.28, 0.47, 0.85 
TI 4 0.20, 0.28, 0.47, 0.60 

4.9.1. Hydrogen peroxide 

As evident from Plate·24 (fig. A), and Table 40, there was induction of two new 

isozymes with Rm=0.60 and 0. 72. Presence of two constitutive isozymes in all the tea 
··- ' 

plants with Rm=0.28 and 0.47 at all the stages of experimentation is easily observed. The 

isozyme with Rm=0.60 was expressed as early as 24 hours after treatment in the two 

varieties susceptible to brown blight disease (T-17 and TV-22). In the resistant TV-30, 

on the other hand, the same isozyme was expressed only 48 hours after treatment. 

Inoculation of tea leaves of the susceptible varieties with G. cingulata spore 

suspension induced expression of the peroxizyme with Rm=0.92. Resistant TV-30 

registered appearance of isozyme with Rm=0.85 at 48 hours after inoculation (Plate 24, 

figs. B-D). Inoculation of the treated plants with G. cingulata was done 48 hours after 

treatment in this case. Thus, the isozyme patterns· presented for treated healthy plants 

were 96 hours after treatment. There was appearance of an isozyme with Rm=0.85 at this 

point in all the three varieties examined. It is noteworthy that the same isomorph with 

Rm=0.60 was observed in the resistant plants on inoculation as well as in the susceptible 

plants on treatment with the inducer (Table 41 ). Thus, costitutively resistant and induced 

resistant plants showed the involvement of the same POX isozyme in resistance process. 

It may be recalled that the treatment with hydrogen peroxide offered 45.6% protection in 

case ofT-17/1/54 and 40.8% protection in TV-22. 
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Plate 24 (A-D): Peroxidase isozyme analysis ofleaf tissues 
of tea varieties [A & B T -17 /1154; C TV -22 ; D TV -30] 
following treatment with hydrogen peroxide (A) and after 
48h of inoculation with G. cingulata (B-D); [UH: 
Untreated healthy; TH · treated healthy; TI treated 
inoculated; ill :untreated inoculated.] 
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Table 42: Relative mobility (Rm) values of isoperoxidases in healthy control and 
sodium nitroprusside treated tea plants. 

Variety 

T-17/1/54 

TV-22 

TV-30 

Hours post 
treatment 

Control 
6 
12 
24 
48. 

Control 
6 
12 
24 
48 

Control 
6 

12 
24 

48 

Number of isozymes 

2 
2 
2 
4 
5 

2 
2 
2 
4 
5 

2 
2 
2 
3 
4 

~ 

R.n values 
ofisozymes 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47 
0.28, 0.47, 0.60, 0.72 
0.11, 0.28, 0.47, 0.60, 0.85 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47 

0.28, 0.47, 0.60, 0.72 
0.11, 0.28, 0.47, 0.60, 0.72 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47 

0.20, 0.28, 0.47 
0.20, 0.28, 0.47, 0.60 

Table 43: Effect of treatment with sodium nitroprusside and inoculation with G. 
cingulata on peroxidase isozyme profile. 

Variety Treatment 

T-17/1154 UH 
UI 
TH 
TI 

TV-22 UH 
UI 

TH 
TI 

TV-30 UH 
UI 
TH 
TI 

Number of isozymes 

2 
3 
4 
5 

2 
4 
J 

5 

2 
3 
5 
5 

R.n values 
ofisozymes 

0.28, 0.47 
0.28, 0.47, 0.92 
0.28, 0.47, 0.60, 0.72 
0.20, 0.28, 0.47, 0.60, 0.72 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47, 0.85 
0.11, 0.28, 0.47, 0.60, 0.72 

0.28, 0.47 
0.28, 0.47 
0.20, 0.28, 0.47, 0.60, 0.92 
0.20, 0.28, 0.47, 0.60, 0.72 
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Plate 25 (A-D):Peroxidase isozyme analysis of leaf 
tissues of tea varieties [A & B T-17/1/54; C TV-22; 
DTV -30]following treatment with sodium 
nitroprusside (A) and after 48h of inoculation 
with G. cingulata(B-D);[UH: Untreated healthy; 
TH: treated healthy; TI: treated inoculated; 
UI :untreated inoculated.] 
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4.9.2. Sodium nitroprusside 

Similar experimental pattern was followed in case of SNP used as inducer of 

resistance. It is evident from Table 42, that several bands appear in the SNP-treated tea 

plants. The band with Rm=0.11 was induced on treatment 48 hours after inoculation only 

in the susceptible varieties T -17 and TV -22. However, 72 h after treatment (TH plants) 

this isozyme disappears in both the varieties (Plate 25). It may be recalled that this 

particular isozyme was associated with resistance in the earlier experiments. There 

appearance of this isozyme in treated· inoculated plants of TV-22. In TV-30 there 

isozyme with Rm=0.20 was prominently induced by SNP treatment. SNP had offered 

protection level similar to hydrogen peroxide. However, in this case no particular 

isozyme could be attributed to protective action. 

4.9.3. Benzothiadiazole 

Treatment of tea plants _with salicylic acid analogue, benzothiadiazole offered 

best protection. to tea plants among the three inducers tested. Presence of the protective 

isozyme with Rm=O.ll, is prominent throughout the study. Besides, the same band was 
.• 

retained as late as 96 hours after treatment (Plate 26, fig. A, Table 45) i. e. 48 hours after 

inoculation in the treated healthy plants in case ofthe susceptible T-17 variety. However, 

TV-22 showed appearance of this band only 48 hours after treatment (Tables 44 & 45). 

This isozyme with Rm=0.11 was also induced in the untreated inoculated plants 

of resistant variety (TV-30). Besides, the same band persisted in the treated inoculated 

plants of the same variety (Plate 26, figs. B-D ; Table 45). Therefore, in this case, 

different isozymes participate in the constitutive and induced resistance. It may be 

however recalled that the same isozyme (Rm=O.ll) was expressed in the healthy tea 

leaves of three varieties that were resistant or moderately resistant to G. cingulata. 
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Table 44: Relative mobility (R.n) values of isoperoxidases in healthy control and 
BTH treated tea plants. 

Variety 

T-17/1/54 

TV-22 

TV-30 

Hours post 
treatment 

Control 
6 
12 
24 
48 

Control 
6 
12 
24 
48 

Control 
6 

12 
24 

48 

Number of isozymes 

2 
2 
2 
4 
5 

! 

2 
2 
3 
3 
4 

2 
2 
2 
2 

~ 3 

R.n values 
ofisozymes 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47 
0.11, 0.28, 0.47, 0.60 
0.11, 0.28, 0.47, 0.60, 0.72 

0.28, 0.47 
0.28, 0.47 
0.28, 0.47, 0.72 
0.28, 0.47, 0.72 
0.11, 0.28, 0.47, 0.60, 0.72 

0.~8, 0.47 
0.28, 0.47 
0.28, 0.47 

0.28, 0.47 
0.28, 0.47, 0.60 

Table 45 : Effect of treatment with benzothiazole and inoculation with G. cingulata 
on peroxidase isozyme profile. 

Variety Treatment 

T-17/1/54 UH 
UI 
TH 
TI 

TV-22 UH 
UI 
TH 

TI 

TV-30 UH 
UI 
TH 
TI 

Number of isozymes 

2 
3 
4 
6 

2 
3 

4 
6 

2 
4 
2 
4 

R.n values 
ofisozymes 

0.28, 0.47 
0.28, 0.47, 0.92 
0.11, 0.28, 0.47, 0.60 
0.11, 0.20, 0.28, 0.47, 0.60, 0.85 

0.28, 0.47 
0.28, 0.47, 0.92 
0.28, 0.47, 0.60, 0.72 
0.20, 0.28, 0.47, 0.60, 0.72, 0.85 

0.28, 0.47 
0.11, 0.28, 0.47, 0.60 
0.28, 0.47 
0.11, 0.28, 0.47, 0.85 
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Plate 26 (A-D) : Peroxidase isozyme analysis of leaf tissues 
of tea varieties [A & B T-17/1/54; C TV-22; D TV-30] 
following treatment with benzothiadiazole (A) and after 
48h of inoculation with G. cingulata (B-D); [UH: Untreated 
healthy; TH . treated healthy; TI treated inoculated , 
UI: untreated inoculated. 
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4.10. Immunolocalization of defense enzymes in tea leaf tissues 

Induced resistance acts via definite mechanisms and can be manifested in 

different ways. Alterations in spore germination process of G. cingulata were 

observed in vitro on the surface of induced tea leaves. Besides, immunolocalization of 

defense enzymes - chitinase and f3-1,3-glucanase in tea leaf tissues (in vivo) of 

susceptible (TV-22) and induced resistant (BTH-treated) was conducted using PAb of 

chitinase and f3-1,3-glucanase obtained from the stock of Immuno-Phytopathology 

Laboratory; FITC . and RITC-labeled secondary antibodies were used in this 

investigation. Besides, Weskm .. blot analysis for chitinase was also done using PAb cif 

chitinase. 

4.10.1. Spore germination on leaf surface 

After the successful induction of susceptible tea plants with the SAR inducer 

BTH, the infection process occurring on the tea leaf surface was followed in order to 

find out the mechanism of resistance at the microscopic level, if any. The process of 

infection and the structures associated with the constitutive resistance, has already been 

elucidated in detail earlier. Presently, )eaves obtained from susceptible tea plants (TV-

22) as well as BTH-treated were inoculated with G. cingulata and percentage spore 

germination and appressoria formation calculated from the cleared· leaf tissues. The 

results have been presented in Table 46 and Plate 27. It is clear from these results that 

on induced resistant tea leaves of TV -22, there was suppression of spore germination 

percentage, appressoria formation and germ tube length. Besides, there was formation of 

microconidia (Plate 27, fig.E) and cell necrosis at the site of penetration (Plate 27, fig. 

H). No such structures were visible on the surface (Plate 27, figs. A-D) of the uninduced 

TV -22 tea leaves. 48 hours after inoculation there was heavy colonization of tea leaf 

tissues of untreated TV-22 (Plate 27, fig. D). BTH-treated TV-33 plants showed 

formation of microconidia (Plate27, fig. E), sites ofHR-like response(Plate27, fig. F) and 

sites of attempted penetration (Plate27, fig. H). 
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Plate 27 (A-H) : Progress of spore germination of G. cingulata on( A - D) 
untreated and BTH (benzothiadiazole) treated (E - H) leaf surface of tea 
(TV-22) at 6 (A & E), 18 h ( B & F), 24 h ( C & G) and 48h (D & H) post 
inoculation. 
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Table 46: Effect of induced resistance on spore germination, percentage appresoria 

formation and germ tube length of G. cingulata on tea leaf surface . 

Susceptibe (Untreated TV-22) 

Resistant (TV-30) 

%spore 

germination a 

73.1 ± 3.2 

65.3 ± 1.9 

Induced resistant (BTII-treated TV-22) 57.4 ± 2.7 
' 

Means ± SE, n=3 

Incubation temperature ± 25°C. R.H. 90% 

a Average of300 spores perexperiment 

b Average of 60 germlings per experiment 

4.10.2. Western Blot analysis 

% appressoria 

formation a 

66.8± 2.2 

25.4±2.0 

22.7± 5.2 

Germ tube 

length(Jlm)b 

61.2 ± 2.8 

64.3 ±2.3 

44.6± 3.3 

The untreated and treated tea plants were inoculated with the spore suspension of 

G. cingulata and total protein homogenates were extracted from the tea leaves and run on 

SDS-PAGE (Plate 29, fig. A). The single low molecular weight protein with ca 12 kDa 

was found to be present in the leaf homogenates of all the treated plants that was absent 

in the untreated healthy and inoculated plants. 

The separated proteins were next blotted on to Nitrocellulose membrane and the 

proteins were probed with P Ab of chitinase It is clear that the treated plants had 

increased levels of chitinase as assayed earlier, that was visible as a distinct band ·of 

molecular weight ca 29 kDa, especially in the treated inoculated plants (Plate 29, fig. C). 

Thus chitinase showed greater involvement in defense reaction of tea plants associated 

with BTH-induced resistance than J3-1,3-glucanase. 
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Plate 28 (A-F): Cross-sections ofBTH (benzothiadiazo1e)-treated tea leaf 
tissue (TV -22) reacted with PAb of (3-1 ,3-glucanase and treated with FITC
labeledconjugatel13~ v- F); u.•~,~ (A &-e!-), 

' 
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4.10.3. Indirect Immunofluorescence 

Immunolocalization of 13-1,3-glucanase was conducted in untreated and BTH

treated tea leaf tissues of TV-22 (susceptible variety). The activity of f3-1,3-glucanase 

that was measured earlier, was reflected in the indirect immunofluorescence studies. 

There was a faint fluorescence in the untreated samples (Plate 28, figs. A & C). 

However, in the BTH-treated samples excellent apple-green fluorescence was observed 

when treated with FITC-labeled secondary antibody, especially so in the mesophyll 

·tissues (Plate 28, figs. D-F). 

Immunolocalization of chitinase in untreated healthy and untreated G. cingulata

inoculated tea leaf tissues (Plate 29, figs. B & F) indicated very low amount of enzyme, 

the fluorescence observed was mainly from the autofluorescent phenolics. Treatment 

with BTH enhanced the level of apple-green fluorescene (Plate 29, fig. D) that was 

confirmed by using RITC-labeled secondary antibody (Plate 29, figs. G & H). Challenge 

inoculation-ofinduced tea plants with G. cingulata further increased the level of 
. . 

fluorescence (Plate 29, fig. E). 
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Plate 29 (A-H) :SDS-PAGE (A) Western Blot analysis (C) and immunolocalization 
( B, D-H) of defense enzyme using PAb of chitinase and reacted with FITC (B, D & E) 
and RITC (F-H) conjugate of untreated and BTH-treated tea (TV-22)leaftissue. 





183 

In host-parasite interaction both the plant and the pathogen possess and use 

battery of enzymes, toxins and other molecules for fighting their way out. The specific 

interaction between host and pathogen is crucial for the success of the plant's resistance 

or the pathogen invasion corresponding to incompatible or compatible reactions 

respectively. Disease is an exception rather than rule in this battle. The constitutive 

defense responses (pre-formed barriers) of the plants are non-specific. On the other hand, 

the inducible defenses are highly specific, especially the biochemical and molecular 

events. Thus, passive mechanisms, coupled with rapid active responses and slower 

follow-up defenses provide a broad defense front to the plant. The success of defense 

responses is enhanced if activated in combination. The plant signaling molecules play an 

important role in this network of the pathways (Shetty, 2002). These signaling molecules 

may be cell wall fragments, active oxygen species like nitric oxide and hydrogen 

peroxide or SAR activators like BTH (benzothiadiazole) and SA (salicylic acid). 

In the present study, brown blight infection of tea has been used as a convenient 

model for plant-pathogen interactio~ with special emphasis on the involvement of 

defense-related enzymes. Induction of resistance with the help of some of these signaling 

molecules i. e. nitric oxide and hydrogen peroxide and BTH was also attempted in the 

present discourse. 

At the outset, symptomatology and etiology of brown blight disease was studied. 

The symptoms of brown blight in the form of dry brown patches with minute dots have 

been observed to appear on the stressed tea bushes. The symptoms described along with 

the photographic evidence fit perfectly into the well-accepted version of brown blight, 

which has been described similarly by numerous workers (Agnihotrudu, 1995; 

Chakraborty and Chakraborty, 2002; Keith et a/, 2006). 

Micromorphology of the healthy and naturally brown blight infected tea leaves 

was conducted with the help of scanning electron microscopy (SEM) in the present 

study. SEM of healthy dorsal surface showed ornamentations similar, but not identical to 

that of healthy Curcuma amada leaves as reported by Das et a/ (2004). However, 

stomata and trichomes were absent on dorsal surface of the tea leaves. Prominent 

absence of stomata on dorsal surface of tea leaves was emphasized by the studies 
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conducted by Kumar et a/ (2004). Surprisingly, except for the presence of wax deposits 

and oil ducts, the ornamentation was rugate with rugae forming a compact network, just 

like on the seed surface of Flemingia congesta and Phaseolus angularis as worked out 

by Sahai and Singh (200 1 ). Damage caused by brown blight on the dorsal surface has 

been worked out in detail in the present investigations. At the initial stage, the disease 

did not affect the ornamentation, but conspicuous presence of G. cingulata spores was 

evident. In the later stage, there was shrivelling and disorganization of the epidermal 

cells and total destruction ofthe·pattern, ultimately giving rise to acervuli in the dried up 

tissues of the tea leaf SEM of apple fruit surface infected with Marssonia coronaria was 

perfomed by Sharma and Sharma (2006) by a similar procedure, where spores of the 

pathogen were distinctly observed. On the other hand, observations of SEM of healthy 

ventral tea leaf surface in the present study, were similar to that reported by Ghosh Hajra 

and Kumar (2002) in case of tea leaves. The trichome morphology was similar to those 

of Bauhinia variegate in the study conducted by Banerjee et a/ (2002) - non-glandular, 

simple .and ·unbranched. The brown blight infected tea leaves had totally disorganized 

trichomes and stomatal guard cells, with the spores of G. cingulata present along the 

guard cells. 

Variations among the isolates of many fungi is a common feature, especially so in 

Colletotrichum gloeosporioides, anamorph of G. cingulata . Therefore, it was decided to 

study at least three isolates of G. cingulata (GC-1, GC-2 and GC-3) obtained from the 

brown blight infected leaves in order to select a single best isolate for the present study. 

In case of Colletotrichum graminicola studied by Mathur eta/ (2001) and Mathur and 

Totla (2001), just as in present investigation, results reported were based on single-. 

lesion isolates, in spite of the isolates being heterogenous in nature. Differences 

regarding morphology and pathogenicity were reported in the present investigation. 

Highest growth rate was found in Potato Dextrose Agar (PDA) and greatest spore 

production in Oat Meal Agar (OMA) at a temperature of 25°C for 12 days which were 

found to be consistent with those observations made by Manaut et a/ (200 1) and Mello 

eta/ (2004), in order to obtain maximum inoculum for experimentation purposes. 

In the present study beaked perithecia with spores were observed only in GC-1 

isolate when cultured on OMA for 30 days. Mendes-Costa (1996) also demonstrated 
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formation of perithecia of G. cingula/a £ sp. phaseoli spontaneously in culture medium 

and not only by mating. The anamorph described in the present work is most certainly 

that of C. gloeosporioides and not C. acutatum as its colony colour was grey and the 

conidial ends were rounded when grown in PDA. This character is useful to distinguish 

the two genera, often with overlapping characters (Wharton and Dieguez-Uribeondo, 

2004). The morphological descriptions regarding conidiomata, conidiogenesis and 

pycnidia are well in agreement to accepted identifying features of G. cingula/a as 

described by Domsch and Gans (1980). Size of the conidia was within the range for 

Colletotrichum gloeosporioides as reported by Sutton (1980) (9-24 x 3-4·51J.m). The 

length of conidia depends on media used. Therefore, only PDA was used for 

characterizing the spore, since it is reported to be producing more consistent conidial size 

(Adaskaveg and Forster, 2000). Appressoria produced directly from germ tubes as 

also reported, by Abang et a/ (2002). Conidial shape and width together with 

appressorial morphology were found to be the important morphological characters 

useful in distinguishing the five clinical species of Colletotrichum (Cano et a/, 2004). 

The appressorial morphology and size were worked out in germinating conidia on host 
~ 

surface and found to be well in agreement to the descriptions of G. cingulata by Domsch 

and Gans (1980). It has been noted by Henson et al (1999) that melanin-deficient 

mutants of phytopathogenic fungi that utilize appressoria as their sole means of 

penetrating host surfaces, such as Colletotrichum spp., are avirulent. Appressorial 

melanin limits wall permeability, facilitating osmolyte accumulation and turgour 

generation within the cell (Davis, 1999; Kubo, 1999). Without this turgour, the infection 

peg that protrudes from. the adhesive surface of this appressorium cannot mechanically 

penetrate the underlying host tissues. In the present discourse, size of appressoria were 

found to be comparatively smaller in one of the isolates (GC-2). 

Differences in the strains of pathogenic fungi are common. From the present 

study, it was clearly observed that the three isolates of G. cingula/a differed regarding 

their growth curve (accumulation of dry weight), protein content and SDS-PAGE 

profiles. Considering these characteristics, isolate GC-1 was found to be the superior of 

the three isolates. It accumulated greatest biomass and total protein in 8 day-old liquid 

cultures. Also, it exhibited maximum number of protein bands when resolved on SDS

p AGE. Therefore, in order to study the serological relatedness among the isolates, 
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polyclonal antibody was raised against mycelial antigen of GC-1 isolate. The antisera 

obtained were purified by ion-exchange chromatography to minimize non specific 

binding. These were then tested separately for different isolates by immunodiffusion. 

The techniques like PTA-ELISA and DIBA (Dot Immmuno-binding Assay) were 

standardized with the homologous antigen. In the beginning, sensitivity of the assay was 

optimized. Homologous soluble antigens at concentration as low as 81.25ng/ml could be 

detected by PTA-ELISA Absorbance values decreased with increase in dilutions. 

Chakraborty et al (1996a) reported that antiserum raised against Pestalotiopsis theae 

could detect homologous antigen at 25ng/ml. Antiserum dilution of upto 1:16,000 was 

effective for detecting the mycelial antigen of G. cingulata. Under such conditions, GC-

1, GC-2 and GC-3 isolates were compared serologically by DIBA and ELISA ELISA 

values were highest for the isolate against which P Ab was raised. Similar reaction 

occurred in case of Dot blot. GC-1 and GC-3 seemed to be similar to each other, while 

GC-2 differed. For detailed analysis, Western Blot of the proteins of 8 days-old cultures 

of these isolates was performed. The number and intensity of bands was the highest in 

GC-1. Western blot of the mycelial protein of G.cingulata with homologous IgG 

indicated presence of several bands of ca 40, 38.5, 35 and 24 kDa that were present 

prominently in the three isolates studied. The 24 kDa protein gave the strongest 

recognition signal. 

In the present work, GC-1 was found to be the most virulent, while GC-2 - least 

virulent. Besides, GC-1 was found to possess larger appressoria, higher growth rate and 

greater sporulation potential than the other two isolates, as mentioned earlier. All three 

isolates of G. cingulata were tested separately on eighteen tea varieties. Isolate GC-1 was 

found to be the most virulent, while GC-2 least virulent in both detached leaf and whole 

plant inoculation methods used for screening resistance of tea varieties against 

G. cingulata . Enzyme linked immunosorbent assay (ELISA) is now routine for detection 

and diagnosis of plant pathogens (Chakraborty and Chakraborty, 2000, 2002). Therefore, 

the results of pathogenicity tests were also confirmed by immunological means viz. 

PTA-ELISA found to be very quick and efficient means of screening for resistant tea 

varieties. Visible outcome of a compatible host pathogen interaction may be obtained in 

many cases only after few days of infection, by which time the pathogen would be well 

established in the host tissues. In phytopathological studies, therefore, it is necessary to 



187 

have techniques by which pathogen can be detected at a very early stage. Recent trends 

have developed highly specific techniques for the detection of pathogen at a very early 

stage. Various formats of ELISA using polyclonal antiserum has found widespread 

application in plant pathology and are routinely used for detection and identification 

purposes (Clark, 1981; Lyons and White, 1992; Chakraborty et at, 1995, 1996a, 

Chakraborty et al, 2002). In the present study, the differential response of eighteen tea 

varieties to G. cingulata has been observed through Indirect ELISA following artificial 

inoculation of tea leaves. ·Indirect ELISA readily detected G. cingulata in tea leaf 

tissues. Among the 18 tea varieties tested with P Ab of G. cingulata, significantly high 

absorbance values were obtained in case ofTV-22, T-17/111, UP-26 and CP-1/1, which 

were found to be the most susceptible varieties as detemined by the detached leaf and 

whole plant inoculation, while TV-30 and BS/7N76 were the most resistant. These 

varieties were identified for further studies. 

The results of our findings indicate that PTA-ELISA is the more precise and 

dependable method for quick detection of fungal pathogen. Further, latent infection often 
;. 

creates problems in early detection of pathogen, a problem which can be overcome by 

immunological techniques. Ghosh and Purakayastha (2003) detected the pathogen 

(Pythium aphanidermatum) of rhizome rot of ginger one week after inoculation by the 

polyclonal antibodies, even though plants showed no visible symptoms. Early detection 

of Colletotrichum jalcatum well before symptom expression was possible by Indirect 

ELISA in sugarcane (Viswanathan et al, 2000). Also, similar to the present findings, the 

relationship between ELISA values and pathogen concentration per gram of soil 

appeared to be linear in case of Spongospora subterranea (Welsch et al, 1996). 

Polyclonal antibodies are easier to produce than the monoclonal antibodies and in some 

cases have proved to be more sensitive of the two. For instance, Kratka et al (2002) had 

raised polyclonal and monoclonal antibodies to detect Colletotrichum acutatum by PTA

ELISA According to their findings, only a polyclonal antibody was sensitive enough to 

recognize the pathogen. Several groups had demonstrated the usefulness of ELISA for 

detecting the Pythium spp. in plants (Me Donald et al, 1990; Shane, 1991;. Yuen et al, 

1998). As suggested by Ghosh et al (2005), ELISA is the more sensitive method, but the 

field applicability of Dot Immunobinding Assay is much greater for the pathogen 

detection. 
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Initial events during host-pathogen interaction on leaf surface have been studied 

in vitro with the help of leaf clearing technique to remove chlorophyll for clear 

observation in cases where epidermal peelings are not easily obtained ( Murphy et al, 

2000). The more critical initial application of microscopy for the infection by 

Colletotrichum has been emphasized by Latunde-Dada (2001). In the present 

investigation, pathway of spore germination and ingress into the tissue was followed in 

detail. Besides, differences in penetration events of the fungus in case of resistant and 

susceptible varieties was worked out by this method. Germ tubes were formed 6 hours 

after inoculation. In case of resistant variety; percentage of germ tube formation was less 

and initiation of microconidia were observed. After 18-24h of inoculation, there was 

formation of melanized appressoria that indicates pathogenic nature of the fungus. There 

were differences at this point of pathogenesis also in case of resistant and susceptible 

varieties. Comparatively low percentage of appressoria formation was noticed in case of 

resistant variety. It is well-known that melanin-deficient mutants of phytopathogenic 

fungi such as Magnaporthe grisea and several Colletotrichum species, are avirulen 

(Henson et al, 1999). Appressorial melanin limits wall permeability, facilitating 

osmolyte accumulation and turgor generation within the cell ( Davis et al, 1999; Kubo et 

a!, 1999). Penetration hyphae were formed 48 hours after inoculation as observed in the 

present discourse: Microcyclic conidiation and formation of secondary conidia was 

observed in resistant variety. Colletotrichum spp. spore may remain dormant in this stage 

until favourable conditions for its proliferation are formed (Latunde-Dada, 2001). The 

duration of the quiescent phase depends heavily upon the circumstances (Wharton and 

Dieguez-Uriobeondo, 2004). The chronology of infection by Colletotrichu acutatum has 

been already established in several hosts like citrus, almond, strawbwrry and blueberry 

(Leandro et al, 2001; Curry et al, 2002 ; Dieguez- Uribeondo eta!, 2003; Wharton and 

Schilder, 2003). These studies have shown that appressorium formation and microcyclic 

conidiation occur 3 to 48 h post inoculation. In the present work also all these events 

occur within 48 h after inoculation on the tea leaves with the conidia of G. cingulata. 

The plant and fungal cell wall fragments are important signals in mobilizing a 

wide variety of biochemically different types of plant defense responses. Walker

Simmons et al (1984) used pure fungal Rhizopus stolinifer endopolygalacturonase and 
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citrus pectic fragments to elicit phytoalexin pisatin in pea and proteinase inhibitor I in 

tomato. In the present discourse, the mycelial wall extract (MWE) of G. cingula/a was 

prepared and disease reaction was assessed. The MWE itself did cause very mild 

symptoms. However, the percentage of such lesions produced was proportional to the 

percentage produced by the spore suspension. Cell wall fragment elicitors have been 

reported to elicit defence-realated responses such as HR. Roopa et a/ (2006) purified the 

crude oligosaccharide extracted from mycelial mats of Fusarium oxysporum that induced 

HR. in pearl millet seedlings against downy mildew disease. 

Chitin oligomers have been shown to induce various defense-related responses in 

tomato (Baureither et al, 1994), wheat (Barber et al, 1989), melon (Roby eta/, 1987), 

barley (Kaku et al, 1997), pepper (Ahmed et al, 2003) and mango (Vivekananthan eta/, 

2004). In the present study, the diffusible compounds elicited by the MWE have been 

bioassayed and found to be fungitoxic especially in resistant variety. Enhanced 

accumulation of antifungal compounds in the resistant varieties of tea has also been 

reported by Chakraborty et a/ (1996b) in case of Pestalotiopsis theae.The nature of 

MWE was confirmed by staining for carbohydrate and protein with Periodate- Schiff's 

and coomassie blue respectively, following SDS - Polyacrylamide gel electrophoresis. A 

single high M. W. band of 66 kDa was revealed on staining. Manjunathan and Shetty 

(2006) performed electrophoretic analysis of cell wall protein of Penicillium sp. and 

indicated that it contains proteins of approximately 50 kDa and 69 kDa. The 

glycoprotein nature of the mycelial cell wall was also reported by a number of earlier 

workers (Keen and Legrand, 1980; Lawton and Lamb, 1987; Chakraborty eta!, 1996; 

Ndimba et al, 2003; Manjunathan and Shetty, 2006). 

Proteins are the most important constituents of living organisms, includ_ing plants. 

It is, therefore, expected that the total soluble protein pool will change on inoculation 

with pathogen. In the present study, the total protein content was measured in healthy 

and G. cingula/a inoculated tea leaves 48 hours post inoculation, when the symptoms 

started appearing. In the present investigation significant reduction in the protein content 

was noted in the G. cingula/a inoculated leaves of susceptible varieties in relation to their 

healthy control. These findings are similar to those reported by Jebakumar eta/ (2001), 

who noted that in the variety of pepper susceptible to Phytophthora capsici, 
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disintegration of many proteins was noticed in the infected tissues. However, infection 

with pathogen increased concentration of total proteins, which was associated with 

susceptibility in Citrus root stock genotypes to root rot pathogen Phytophthora 

palmivora (Albrecht and Bowman, 2007). On the other hand, Chakraborty and Sen 

Gupta (2001) reported that the total protein content in the non-pathogen inoculated 

seedlings of the susceptible cultivar of pigeonpea was 1.5 to 2 tomes higher than 

Fusarium udum inoculated susceptible cultivar. In the present discourse, however protein 

quantity did not alter significantly when compared to control in case of most of the 

resistant and moderately resistant varieties. Besides, slight increase was noticed in some 

cases, that was however statistically insignificant. However, it is difficult to separate the 

relative contribution of host and parasite to the total protein content. It is evident from 

the above statement that some changes occur in proteins of infected plants but these 

changes are not always significant. Sometimes protein content of the host remains more 

or less similar even after inoculation but isozyme and pattern may change. 

Therefore, in order to evaluate the chariges in the protein profiles of the extracts, 
~ 

SDS-PAGE was run for these samples and the patterns analysed. In case of incompatible 

reaction there was synthesis of some extra bands, especially with molecular weigh of ca. 

97.4 and 94.3 kDa, which are associated with pathogen infection in resistant varieties. 

Involvement of PR-proteins that can be visualized on SDS-PAGE profiles, is being 

studied since their discovery by Van Loon (1985). In the present discourse, clear 

differences in profiles of different varieties were noticed. In case of two susceptible and 

one resistant variety, the concurrent SDS-P AGE was blotted and the proteins probed 

with antibody raised against G. cingulata. The band of M.W. 66.0 was revealed in the 

three varieties upon inoculation and thus it seems to be aiding in general pathogenesis. 

The band with 40.0kDa was found only in compatible interaction. Immunological 

characterization of such Pips (Pathogenesis-induced proteins) was done by Sharma 

and Chakraborty, 2004 in case of Exobasidium vexan infected tea plants, where two 

proteins of approximately 58 kDa and 15 kDa were revealed in compatible leaf samples. 

In the present investigation, a protein of 24 kDa was found in the susceptible infected TV 

- 22 variety only. The same band was found to be very prominently recognized by the 

antiserum in case of homologous hybridization. Similarly, Joosten and De Wit (1988) 

studied the interaction between Cladosporium fulvum and tomato, where the 14 kDa 
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protein was traced by western blot immunologically and was found to be associated with 

compatible interactions. 

It is often difficult to trace a particular protein band on SDS-PAGE. Besides, the 

function of the induced proteins are a subject of purification and intense biochemical 

analysis. Therefore, instead of extracting total protein pool, only crude enzyme extracts 

can be assayed. Enzymes are the biological catalysts that are indespensible for life and 

especially so under biotic stress conditions. Numerous enzymes are now-a-days 

considered as defense enzymes. The detailed review has been presented earlier. 

Presently, only the four important enzymes that are especially involved in the phenolics 

biosynthesis [phenylalanine ammonia lyase (PAL) and tyrosine ammonia lyase(TAL)] 

on one hand and oxidation of phenolics on the other hand [peroxidase (POX) and 

polyphenoloxidase (PPO)], have ·been followed in the necrotrophic reaction on 

inoculation of tea leaf tissues with Glomerella cingulata. Peroxidase specific activity was 

found to increase abruptly in the susceptible varieties as early as 24 hours after 

inoculation. However, low activity was registered in these varieties 48hours after 

inoculation, when the symptoms of disease first started appearing. At that point the 

specific activity of POX in the incompatible interactions was very high and there was a 

negative correlation between percentage lesion formation and POX activity. At this point 

POX is associated with resistance. Thus, it is clear that POX being a regulatory enzyme 

plays a definite role in both the types of interactions - compatible and incompatible. 

Similarly, peroxidase activity could not be associated with resistance or susceptibility 

alone in numerous studies (Sulman eta/, 2001; Som and Chakraborty, 2003; Van Pelt

Heerschap and Smit-Bakker ,2004; Yasupova et a/ ,2006). From the present 

investigation, it is clear that POX has a role to play in both kinds of interactions. 

Multiple· molecular forms of peroxidase have been reported in numerous plants, 

especially tea. The existence of a large group of isoforms suggests that the proteins 

encoded by these genes are involved in a broad spectrum of physiological processes, 

requiring abundant or redundant members to act efficiently during normal and stress 

conditions (Liu et a/, 2005). Therefore, isozymes of POX were analysed in all such 

interactions to follow and identify the resistance and/or susceptibility factor within the 

soluble POX fractions. Definite isozymes of POX revealed by Native PAGE were 
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associated with resistance in the present system. One isozyme with Rm (relative mobility) 

value 0.83 was induced in both resistant and susceptible varieties upon inoculation with 

G. cingula/a. On the contrary, the isoperoxidase with Rm=0.11 was found to be induced 

only in incompatible interactions. Similarly, Shivakumar et a/ (2003) used Native PAGE 

analysis of POX isozymes which revealed appearance of new isozymes . in the 

incompatible interactions. Numerous studies indicated appearance of peroxizymes 

associated with resistance in maize (Dowd and Johnson, 2005), Aegilops umbellata 

(Maksimov et al, 2006), wheat (Yasupova eta/, 2006). 

PPO, on the other hand, showed a definite and well-defined response 72 hour 

after inoculatiion. There was a significant increase in specific activity of PPO in the 

incompatible interactions and thus a negative and statistically significant correlation was 

established between the specific activity and percentage lesions produced at that point. 

Similar to the present findings, PPO activity was definitely associated with resistance in 

many studies (Sharma eta/, 1994; Renault eta/, 1996; Raj eta!, 2006). Overexpression 

of polyphenoloxidase in transgenic tomato plants results in enhanced bacterial disease 

resistance (Li and Steffens, 2002). PPO, just like POX, possesses multiple molecular. 

forms. Therefore, Native PAGE of PPO isoforms was conducted for the present 

pathosystem. The particular lsopolyphenoloxidase with Rm=0.55 was found to be 

associated with incompatible reactions only. Recently PPO isozymes have been studied 

and particular isoforms were related to resistance in cocoa (Omokolo et a/ ,2003) and 

pearl millet (Raj et a/, 2006). 

PAL plays an active role in the biosynthesis of cinnamic acid from phenylalanine; 

cinnamic acid is closely associated with biosynthetic pathways of some isoflavonoid 

phytoalexins (Lamb and Dixon, 1997). The activity of this important enzyme was found 

to be significantly increasing as early as 24 hp.i. in the resistant tea varieties. However, 

in the susceptible varieties the increase was very insignificant. Therefore, the present 

findings confirm the earlier reports on positive involvement of PAL in th~ incompatible 

reactions (Cui eta/, 1996 ; Chen eta/, 2000; Chakraborty eta!, 2000; Jebakumar eta/ 

2001; Geetha et al, 2005). Previous reports also indicated that oxidative enzymes such 

as PPO and PO, as well as those involved in phenolic biosynthesis such as PAL are 

involved in defense reaction in plants (Chen eta/, 2000 ; Chakraborty eta/, 2002,2005). 
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TAL is a subsidiary enzyme in the phenylpropanoid pathway and it catalyses 

conversion of L-tyrosine to p-coumaric acid, which in t1:1m is converted to caffeic acid, a 

phenolic precursor. The importance of TAL as a defense enzyme has often been 

overlooked. Besides, its activity is not well studied in dicots and accordins to Reglinski 

et al (200 I) its activity was not demonstrated in dicots till 200 I. In the present 

discourse, TAL was found to be induced only 72 hours after inoculation in G. cingulata 

inoculated tea leaf tissues . Its specific activity was especially high in the resistant 

varieties and quite low, though an enhanced activity in the susceptible varieties. In 

maize TAL catalyses deamination of tyrosine rather than phenylalanine to produce p

coumaric acid (Roster et al, 1997). Presumably, the demonstration of TAL activity even 

in the healthy tea leaves may account for the high amounts of phenolics in tea plants. 

Phenolics are major constituents of tea leaves and it is expected that they would 

be affected by the different abiotic and biotic stresses (Chakraborty et al, 2005). Thus, it 

was considered imperative to study the total as well as ortho-dihydroxy phenol content 

changes in the tea-brown blight pathosystem. There is often a greater increase m 

phenolic biosynthesis in resistant host species than in susceptible hosts and it 1s 

postulated that the increase in phenolic compounds is part of the resistance mechanism. 

Some of these compounds are toxic to pathogenic and non-pathogenic fungi and have 

been considered to play an important role in disease resistance. The involvement of 

phenol in the defence strategies of tea plants against foliar fungal pathogens e.g Bipolaris 

carbonum, Pestalotiopsis theae, Glomerella cingulata has been described by 

Chakraborty et al., (1995, 1996). Biochemical responses to tea plants growing in 

Daljeeling hills exposed to biotic stress due to blister blight infection caused by 

Exobasidium vexans in the levels of phenols and enzyme activities were studied by 

Chakraborty et.al (2002). In the present study, levels of phenolics in leaves of resistant 

and susceptible tea varieties were estimated after 48h of inoculation with G. cingulata. 

Host responses could be differentiated by changes in content of phenolic compounds. 

Total phenol and orthodihydroxy phenol content significantly increased in resistant 

varieties but decreased in susceptible varieties in comparison to their healthy controls. 

There are ample evidences that an increased production of phenolic compounds are 

involved in phytoalexin accumulation (Mansfield, 2000), which are the important 

components of defense machinery. 
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Leaf surface after coming in contact with the fungal spore, may be rendered 

more accessible to the infection ifthe spore is covered with a film ofwater. However, in 

resistant genotypes, secretion of antifungal compounds on leaf surface will not allow the 

spore to germinate. Fungitoxicity of leaf diffusates has been implicated on natural 

defense mechanism of plants against attack by fungal pathogens in several instances 

(Chakraborty and Saha, 1989~ Chakraborty et al, 1996). Although the drop diffusate 

method has often been criticised as biologically unnatural, the advantage it has over other 

techniques is that a relatively- pure · phytoalexin preparation can be obtained without 

maceration of the plant tissues. Recently, Prats et al (2007) demonstrated that 

constitutive coumarin accumulation on , sunflower leaf surface prevents rust germ tube 

growth and appressorium differentiation. 

In the present discourse, biological activities of tea leaf diffusates from resistant 

and susceptible varieties were studied and their fungitoxicity assessed. The presence of 

spore germination inhibiting compounds in the diffusates of the two resistant varieties 

was demonstrated . Similarly, germination and growth of Botrytis cinerea was assessed 

after collecting the diffusates from the leaf surfaces of Arabidopsis of different 

genotypes. Diffusates from the resistant varieties were more fungitoxic (Bessire et al, 

2007). Further, attempts were made to impart resistance to the susceptible tea varieties 

with three different abiotic inducers. Use of such compounds is well-documented and has 

been reviewed at length previously. Shetty (2002) reported that various chemical 

compounds like salicylic acid, acetyl salicylic acid, aminobutyric acid, benzothiadiazole, 

calcium chloride, hydrogen peroxide, sodium triphosphate, methionine, polyacrylic acid, 

jasmonic acid, isonicotinic acid showed promising results in protecting pearl millet crop 

from downy mildew pathogen. For the present investigation, three chemicals wer~ 

selected - hydrogen peroxide, which in itself is active oxygen radical; sodium 

nitroprusside, NO donor, and benzothiadiazole (BTH), salicylic acid analogue and a 

well-known SAR inducer. All were applied as foliar sprays. However, the schedule, doze 

and induction period differed. These were initially standardized. Induction of resistance 

against G. cingulata was evaluated in terms of changes in the disease index per plant. 

Experimental designs were similar in the three cases. Level of defense-related enzymes 

was measured during the induction period and after challenge inoculation. 
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Involvement of ROS in pathogen resistance is a well-known phenomenon (Apel 

and Hirt, 2004; Torres et al, 2006). However, whether these impart resistance on their 

own is not clear. Most of the work on the effect of hydrogen peroxide was done using 

direct detection of the molecule (Vanacker et al, 2000; Borden and Higgins, 2002; 

Mellersh et al, 2002; Trujilo et al, 2004). The present investigation was conducted to 

test the response of direct application of hydrogen peroxide to the tea plants. This radical 

has been only recently tested for its efficacy to act as an inducer of various defense 

·related molecules (Chico et al, 2002; Liu et al, 2005; Babosha, 2006). The low cost of 

this compound and the ability to use it as a foliar spray are its chief attractive features. 

A method for control of horticulture diseases and decontamination of plant tissue 

using hydrogen peroxide, one of the most important ROS, has been patented by Larose 

and Abott (1998). Besides, it is known to be used as a constituent in preparing home 

made fungicide, for keeping the cut flowers fresh and for enhancing seed germination . 

In the present investigation, . there was general increase in vigour of the tea plants when 

low doze (0.15% aqueous solution) of hydrogen peroxide was applied. Similar 
.. 

observations were done by Geetha and Shetty (2002) in case of pearl millet. In tobacco, 

moderate doses of H202 enhanced the antioxidant status and induced stress tolerance, 

while higher concentrations caused oxidative stress and symptoms resembling a 

hypersensitive response (Gechev et al, 2002). Thus H202 plays a dual role and is a likely 

candidate as a signal and/or regulatory molecule in signal transduction system occurring 

during host-pathogen interaction. 

The tea plants were protected from the brown blight disease to an extent of 45.6% 

after treatment with this radical. Siniilarly, hydrogen peroxide was reported to induce the 

resistance in transgenic tobacco (Champongol et al, 1998). The antimicrobial properties 

of hydrogen peroxide is a debatable ·issue. Therefore, bioassay using the spore 

suspensiOn of G. cingulata with the different concentrations of this compound was 

conducted. It was found that hydrogen peroxide affected the spore germination of G. 

· cingulata spore to a great extent. In tomato- Cladosporium fulvum interaction also H202 

plays a critical role in limiting colonization by the pathogen either affecting it directly or 

playing a significant role (Borden and Higgins, 2002). There was total inhibition of spore 

germination in 3% aqueous solution of hydrogen peroxide. Similar to these findings, 
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spore· gennination of several fungi has been shown to be inhibited by H202 (Peng and 

Kuc, 1992; Lu and Higgins, 1999). Hydrogen peroxide exhibited fungistatic rather than 

fungicidal action on G. cingulata . Interestingly, there was an enhancement in the germ 

tube length at 0.01% hydrogen peroxide. Exserohilum turcicum , necrotrophic pathogen 

of maize, genninates and survives in high concentrations of hydrogen peroxide. Similar 

to the findings with G. cingulata pathogen, which becomes a necrotroph at later stages of 

infection, the growth and development of fungus was enhanced in vitro at lower 

concentrations of hydrogen peroxide in case of Exserohilum turcicum (Keissar et a!, 

2002). 

G. cingulata was found to be quite resistant to the hydrogen peroxide and very 

high amounts of this molecule would be needed to be present in the tissue for its 

antimicrobial property to act. There must be some other mechanism for its action in the 

tissues by which it limits the .disease. Hence, level of the defense-related enzymes was 

measured after the treatment with hydrogen peroxide as well as after the challenge 

inoculation with G. cingulata spore suspension. Treatment of tea plants with hydrogen 

peroxide enhanced the levels of the defense enzymes peroxidase, ascorbate peroxidase, 

chitinase and glucanase activity with respect to control especially in the susceptible tea 

plants. These were thus more responsive to treatment probably because the threshold 

level of these defence enzymes were not reached and thus could be raised further by the 

inducer (hydrogen peroxide). Similarly, hydrogen peroxide was reported to increase the 

level of mRNA transcripts of TmPRXI (peroxidase) in case of Arabidopsis (Liu eta!, 

2005). Catalase (CAT) and ascorbate peroxidase (APX) activities have also been 

associated with the defense response ( Blilou et al, 2000). 

Catalase is the main hydrogen peroxide scavenger in the plant tissue system. It is, 

therefore, expected to be greatly affected by the external application of hydrogen 

peroxide. In the present investigation catalase was· found to increase significantly in case 

of the treated resistant variety only. It seems that in the resistant variety catalase 

scavenged the hydrogen peroxide due to its already high content in the tissues and higher 

levels might harm the plant. The susceptible varieties, however showed a very 

insignificant increase in catalase, inducating that the hydrogen peroxide applied was 

useful for the overall metabolism of the plant. Catalase is of paramount importance for 

regulating H20 2 homeostasis, as it can function as a cellular sink for H202. Catalase 



197 

deficiency leads to elevation of H202 levels and triggering Plant Cell Death (Gechev et 

a/, 2004; Vandenabeele eta/, 2004).Studies with exogenously applied H202 confirm the 

role of H20 2 as a cell death trigger and show that high concentrations can cause necrosis 

instead of Plant Cell Death (Yao et a/, 2001). In agreement with these observations, 

overexpression of the H20 2-detoxifying enzyme ascorbate peroxidase can suppress the 

cell death induced by H202 or nitric oxide (Murgia et al, 2004). 

Results by Sarowar et al. (2005) suggested that the overproduction of ascorbate 

peroxidase increased peroxidase activity that enhances active oxygen scavenging system, 

leading to oomycete pathogen resistance. In the present findings, increase in levels of 
! 

ascorbate peroxidase is followed by the increase in peroxidase activity on treatment with 

hydrogen peroxide. This may in tum lead to the increased resistance to the brown blight 

pathogen. Treatment with the signal molecule hydrogen peroxide also enhanced the level 

of PR-proteins usually associated with SAR (Systemic Acquired Resistance) - chitinase 

and f3-1,3-glucanase (Tyagi eta/, 2001; Sharma and Chakraborty, 2004; Chakraborty, 

2005). In the present discourse, treatment with the hydrogen peroxide elicitor alone gave 

rise to more significant increase of "chitinase (CHT) and f3-1,3-glucanase (GLU) in the 

susceptible varieties. The resistant variety did not show any significant increase in these 

SAR-associated enzymes. However, when the resistant variety was inoculated with the 

pathogen, there was a greater increase in activity of these enzymes as compared to the 

susceptible inoculated plants. Treatment with hydrogen peroxide brought the level of 

these two enzymes near to the level found in the resistant plants. Thus, the resistant and 

induced resistant plants exhibited similar biochemical parameters. 

The present finding strongly support the views of Gechev et al (2002), where 

stress tolerance induced by spraying the intact tobacco plants with H20 2 was indicated 

by higher activity of catalase, ascorbate peroxidase , glutathione peroxidase and 

guaiacol peroxidase. Moderate dozes of H202 enhanced the antioxidant status and 

induced stress tolerance. Inoculation of the treated and untreated tea plants showed that 

the highest increase in the activity of the antioxidant enzymes - peroxidae , catalase and 

ascorbate peroxidase, was in the treated inoculated tea plants. In the overall, inoculation 

stimulated the activity of these enzymes. Thus, inoculation was much more effective than 

the treatment with hydrogen peroxide. The present investigation confirm the findings of 
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Wang eta! (2004), who treated avocado fruits with hydrogen peroxide one day before 

inoculation with Colletotrichum gloeoporioides and found it to exhibit increased 

resistance to fruit rot fungus. 

Another reactive oxygen species used as inducer of resistance was nitric oxide 

(NO) that was produced by the well-known nitric oxide donor sodium nitroprusside 

(SNP). There was suppression of lesion formation due to the treatment with this 

molecule as observed from disease index (DI). . Similarly, when tobacco plants were 

treated with NO donors, the lesion fomation caused by TMV (Tobacco mosaic virus) was 

significantly reduced (Song and Goodman, 2001). It was found that the 1mM of SNP 
I 

sprayed on the tea plants invariably induced the formation of necrotic spots similar to 

hypersensitive reaction. Similarly, the addition of sodium nitroprusside (SNP), an NO 

donor, can cause cell death to soybean (Glycine max) suspension cultures at millimolar 

concentrations (Delledonne et al., 1998, 2001; Durner and Klessig, 1999). Contrary to 

this, observations by_ Tada et a! (2004) have shown that the administration of NO 

donors has no effect on the elicitation of the HR in infected cells in oat plants, although 

they are required for the onset of cell death in adjacent cells. The activities of catalase 

(CAT), peroxidase (POX) and ascorbate peroxidase (APX) increased under SNP 

treatment in case of Zea mays (Sun eta!, 2006). As per the findings of Dual eta! (2007) 

longan fruits were dipped for 5 min in a solution containing 1 mM sodium nitroprusside 

(SNP), which inhibited pericarp browning and suppressed increases in membrane 

permeability and lipid peroxidation. These effects were associated with higher APX and 

CAT activities . In the present discourse also SNP treatment enhanced the activities of 

APX, POX and CAT . However, according to Clark eta! (2000) nitric oxide inhibited 

activities of tobacco catalase and ascorbate peroxidase. Induced resistance by SNP was 

characterized by increased amounts of the PR-proteins such as peroxidase, chitinase and 

glucanase in the treated plants as well as ofthe antioxidant enzymes like CAT and APX. 

The level of these enzymes in the SNP-treated susceptible inoculated plants was similar 

to the levels found in the resistant inoculated ·plants. Therefore, it seems that the 

resistance induced by NO application is mediated by the said defense enzymes. Since the 

activity of CAT also increases, it is reasonable to think that the amount of hydrogen 

peroxide increases due to the treatment with SNP, which in turn leads to induced 

resistance. 
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In spite of the importance of Active oxygen species in resistance development, 

the amount of protection provided by hydrogen peroxide or even SNP is much less than 

by the SA analogue and a well-known SAR inducer, BTH. The results of study on 

resistance induction with BTH provide additional evidence in support of the fact that 

BTH can act as one of the best crop protectants ( Fidantsef et al, 1999; Baysal et al, 

2003; Qiu et al, 2004; Faoro et al, 2007). Exogenous application ofBTH to tobacco, A. 

thaliana, wheat and cucumber has been shown to activate a number of SAR associated 

genes leading to enhanced plant protection against various pathogens (Gorlach et al, 

1996; Lawton et al, 1996; Narusaka et al, 1999). In tea plants also a number of SAR 

associated enzymes were induced upon., exogenous application of BTH. Studies on the 

activities of antioxidant enzymes revealed that treatment increased POX activity, while 

there was suppression of CAT and APX activity. Suppression of CAT and APX by BTH 

was also reported by Wendehenne et al (1998). This indicates that BTH resistance may 

be acting via a pathway different from that of H202 or NO in tea plants. These findings 

were similar to those reported by Cao and Jiang (2006) in pear trees. The ASM (similar 

to BTH) spray also significantly increased H202 level and glutathione reductase activity, 
;.. 

but reduced activities of catalase· and ascorbate peroxidase in young pears. The study 

indicated that enhancement of disease resistance in harvested Y ali pear fruit could be the 

result of multiple effects of several factors related to plant defenses induced by ASM 

sprays on trees during fruit growth. 

Chitinase (PR-3) was also induced on treatment with BTH in the tea plants. At 

the level of mRNA among the different compounds tested, BTH applied by ~praying 

proved to be the stronger inducer of PR-8 (acidic chitinase) mRNA accumulation. BTH 

sprayed at a concentration of 10 J.1M was still able to induce PR-8 gene expression. The 

protective effects of BTH on cucumber were confirmed in challenge inoculation with C. 

lagenarium. Spraying cucumber plants with BTH (10 J.1M or 50 J.1M) allowed effective 

local and systemic protection against C. lagenarium (Bovie et al, 2004). It therefore 

looks probable that BTH acts by increasing the level of endogenous hydrogen peroxide 

and by concurrent suppression of CAT and APX, which further increased the level of 

ROS. However, the return of the basal levels of these two enzymes on inoculation of the 

'-+- treated plants leads to hypothesise that there is buffering action of some signal 

compounds involved. Tight regulatory network seems to govern the endogenous levels 
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of the candidate signal molecule hydrogen peroxide. Increase in the PR-proteins - POX 

(PR-9), chitinase (PR-3) and 13-1,3-glucanase (PR-2) in the BTH-induced tea plants 

further underline the fact that BTH acts as a SAR inducer, since it is well-accepted that 

SAR acts via PR-proteins (Vallad and Goodman, 2004). Increase in chitinase and 13-1,3-

glucanase level was especially noticed in the BTH-induced plants, which was confirmed 

by irnrnunolocalization of these defense enzymes. Sharma and Chakraborty (2004) also 

reported accumulation of chitinase following induction of resistance in the susceptible 

varieties. Similarly, the induced resistance was associated with increased level of 

chitinase and 13-1,3-glucanase by Saikia et al (2005). In vivo staining of chitinase activity 

in fresh root sections allowed the localization of the activity in roots treated with INA 

(2,6-dichloroisonicotinic acid) by Yedidia et al (2000). The formation of fluorescent 

products mainly in intercellular spaces of the induced roots provided evidence for the 

involvement of the plant defence system, just as in the present findings 

POX, as analysed earlier, possesses a number of isozyrnes and some of them 

were found to be specific in the incompatible interactions. Besides, it has been recently 

proposed to be a regulatory enzyme. It acts as ROS scavenger as well as producer. 

Therefore, playing a very controversial role. It was decided to check whether the same 

isozymes were operative in the induced resistance in the tea plants. There are numerous 

reports of involvement of acidic isoforrns of peroxidases in host resistance ( Flott et al, 

1989; Shivakumar et al, 2003). In the present discourse anionic (acidic) isoforrns ofPOX 

were analysed. It was found that some isozymes were constitutively expressed, while 

others were induced upon treatment or inoculation with G. cingulata. The particular 

isozyme with Rrn=O .11 was found to be associated with resistance in constitutive as well 

as induced resistance. It was strongly associated with induced resistance in case of the 

best protectant among the three i.e. in the BTH-induced tea plants. Since chitinase was 

also strongly associated with the induced resistance in this case, involvement of the 

chitin-specific isoperoxidases cannot be overruled. Such peroxidases have been reported 

by Maksimov et al (2003). 

The . results of present study provide additional evidence that host metabolic 

pathway altered by treatment with abiotic agents can result in an effective resistance 

against fungal disease. BTH can induce resistance when sprayed exogenously. It is likely 
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that the speed of defense response of susceptible tea varieties are usually slow or weak 

and the production of defense components are not sufficient for the total inhibition of 

growth of the pathogen or the synthesis of certain critical components of defense are not 

activated by the infection process. The delay in recognition of the pathogen and 

induction of the defense response, in this case, are also not unlikely. It has been possible 

to enhance the speed of response to some extent by the application of inducers. An 

induced hypersensitive response was evident in this case which substantiate the 

observation made by_ Faoro et al (2007). Crucial to the success of induced resistance in 

agriculture is an understanding of the range and limitations of this form of pathogen 

control. Besides, the impact of the treatment on the productivity of the crop should be 

taken into account. The optimum doze must be standardized for each crop separately. 
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Brown blight caused by Glomerella cingulata was studied with reference to 

damage on tea leaves, which was assessed with the help of Scanning Electron 

Microscopy. Three isolates of G. cingula/a (GC-1, GC-2 and GC-3) were compared 

with respect to their characters like spore and appressoria size, growth rate, perennating 

structures, sporulation amount and patterns as well as protein content in different media. 

Spore production was always best when the organism was grown in Oat Meal Agar. The 

isolate GC-1 was found to be best sporulating and showed formation of perithecia-like 

structures. Comparison of SDS-PAGE profiles of total soluble proteins of different 

isolates indicated that this isolate (GC-1) was superior, for which polyclonal antibody 

was raised. Immunodiffusion, PTA-ELISA, dot blot and Western blot of the mycelial 

protein of G. cingulata revealed that the P Ab recognized numerous proteins, of which 

the 24 k:Da protein gave the strongest signal. Besides, the reaction was the strongest for 

GC-1 isolate in all the immunological studies performed. 

Screening of the different tea varieties against each isolate of G. cingulata 

separately performed by detached leaf revealed that GC-1 was the most virulent. 

Immunological techniques like PTA-ELISA and dot blot were also used to confirm the 

results that showed differential response towards the pathogen, revealing that some 

varieties especially T -17/1/54 , TV -22 and CP-1/1 were most susceptible, while others 

like TV-30, BS/7A/76 and TS-449 were highly resistant. 

A brief study on the events of spore germination on the tea leaves of resistant 

(TV -30) and susceptible (TV -22) varieties revealed that there was lower percentage of 

appressoria formation and lesser germ tube length on the dorsal and ventral surfaces of 

TV-30 than on the surface ofTV-22. The diffusates collected from the surface ofTV-30 

were more fungitoxic than the same collected from TV -22 leaf surface. Cell wall extract 

of G. cingula/a elicited antifungal compounds to a greater extent than the spore. 

Glycoprotein nature of the cell wall extract was confirmed and a single protein band of 

66 kDa was identified. 

Quantitative reduction in the total protein in G. cingulata inoculated tea leaf 

tissues were observed mainly in the susceptible varieties, while in the resistant ones there 

were no significant changes. Resolution on SDS-PAGE revealed some additional bands 

of high molecular weight (97.4 and 94.3kDa) in the resistant varieties. Besides, protein 

preparation from leaves of susceptible varieties following inoculation with G. cingula/a 
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yielded 40 kDa protein by probing with P Ab of G. cingulata, indicated as pathogen

induced protein. 

Among the antifungal compounds, total and ortho-dihydroxy phenols increased 

compared to the healthy control in the resistant varieties on inoculati~n with G. cingulata 

in contrast to the susceptible varieties. ' The time course accumulation of enzymes 

involved in phenolic biosynthesis such as phenylalanine ammonia lyase (PAL), tyrosine 

ammonia lyase {TAL), polyphenol oxidase (PPO) and peroxidase (POX) was followed 

for all the varieties under the present study. PAL activity increased several fold as early 

as 24 hours after inoculation in the resistant varieties, while for TAL the same occured 

72 hours after inoculation POX indicated that its crucial role was played 48 hours after 

inoculation, when its high activity was correlated with resistance. But at 24 hours after 

inoculation high activity was associated with susceptibility. Analysis of isozyme patterns 

showed that the particular peroxizyme associated with the constitutive resistance was 

found to be of Rm= 0 .11. On the other hand, PPO was involved in the resistance only 72 

hours after ino~ulation and the isozyme associated with resistance was ofRm= 0.55. 

Three inducers, viz. hydrogen peroxide (active oxygen radical), sodium 

nitroprusside (nitric oxide donor) and benzothiadiazole (SAR inducer) were evaluated on 

three varieties {TV-30, TV-22 and T-17/1/54) in association with time course 

accumulation of five selective enzymes [ peroxidase (POX), ascorbate peroxidase 

(APX), catalase (CAT), chitinase {CHT) and 13-1,3-glucanase (I3GLU)]. 

Application of H202 . led to a gradual increase in the activity of five enzymes 

(POX, CAT, APX, CHT and I3GLU) ·especially in the susceptible plants. Inoculation 

with pathogen further increased the level of these enzymes. Similar results were revealed 

when the tea plants were treated with sodium nitroprusside. However, increase in CAT 

was more pronounced in this case. Both these inducers provided moderate protection to 

the tea plants against brown blight. However, BTH protected tea plants to a much higher 

level than the other two, which was associated with suppression of CAT and APX 

activity and increase in the level of POX, CHT and I3GLU. Isoperoxidase with Rm=0.11 

was active in the induced resistance following BTH treatment. Besides, in the BTH

induced plants 29 kDa band could be noticed in Western blot analysis probing with P Ab 

of chitinase. Immunolocalization of chitinase and 13-1,3-glucanase (defense enzymes) in 

tea leaf tissues of BTH-induced tea plants were confirmed using FITC and RITC 

conjugates which were evident in the mesophyll tissues. 
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