


4.1. Influence of environmental conditions on development of 

blister blight of tea

Blister blight of tea, a foliar fungal disease, incited by Exobasidium vexans 

Massee is the most important leaf disease problem in tea cultivation. This disease has 

been reported to occur in a number of countries with India being no exception. The 

disease is most prevalent in the hilly terrains of Daijeeling, upper Assam, Himachal 

Pradesh and the tea tracks of southem India. It has been documented that the disease 

is more serious in bushes recovering from pruning as they have greater proportions of 

succulent and tender material that makes it more susceptible to the disease. Blister 

blight is a multiple cycle disease spread through wdndbome basidiospores and the 

pathogen completes its life cycle in a short span. Thus, in a single disease season 

several generations o f the pathogen are completed. A relative humidity higher than 

80% is essential for basidiospore formation, ejection and germination and maximum 

penetration occurs at 90% where leaf wetness is the most important factor. As the 

fungus invades only tender foliage which forms the main harvest, severely affected 

leaves when processed produce tea of poor quality. The fungus infects tender leaves 

and stems and thereby causes direct crop losses (Plate 5, figs. A & B). Crop loss could 

go up to 50% and the damage, results in both quantitative and qualitative reduction -  

and made tea is eventually weak, lacking in strength and of poor quality. At the same 

time as tea is a peremiial plant sufficient susceptible leaves are present all through the 

year. The crop loss however varies depending on the geographic area. The pathogen is 

a biotroph with no known alternate host; hence it completes its life cycle on the tea 

plant itself where occurrence has been evidenced in nursery plants (Plate 5, figs. 

C - E) and tea bushes.

Keeping in view the relationship between relative humidity on spore ejection 

and germination, the influence of weather conditions on appearance of blister blight 

disease was explored. Meteorological data for five years (2000-2004) o f hills and 

plains was recorded and correlated with disease incidence all through the year at two 

tea estates Castleton (hills) and Hansqua (plains) (Figure 1). In the hills, disease 

incidence was noticed durmg July through October whereas in the plains incidence 

was recorded only from December through February during the entire study period.
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Plate 5 (figs. A -  E). Symptoms of blister blight disease. [A & B] Naturally 
infected leaves from tea gardens. [C - D] Nursery grown plants.
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Figure 1. Correlation of weather conditions of hills (A-C) and plains (D-F) with 
appearance of blister blight of tea. [1-12 indicate months Jan-Dee ]
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As weather has a profound influence on disease incidence it was attempted to 

determine whether or not disease development in nature is correlated with different 

environmental parameters. Karl Pearsons’ correlation coefficient of disease incidence 

was calculated with morning and evening relative humidity, maximum and minimum 

temperatures and average rainfall. When mean blister blight incidence of the hills was 

correlated with relative humidity (Figure 1 A), a correlation coefficient of 0.72 was 

obtained among disease and relative humidity (R.H.). On the contrary, when mean 

blister blight incidence of plains was correlated with the R.H. (Figure 1 D) a value of 

0.43 was obtained. In the hills temperature showed a positive correlation with 

maximum (0.59) and minimum temperature (0.67) (Figure 1 B), but a negative 

correlation with maximum (-0.87) and minimum temperature (-0.85) of the plains 

(Figure 1 E). As temperature, rainfall could also be correlated (0.88) to the disease 

incidence in the hills (Figure 1 C), while, in the plains a negative correlation (-0.675) 

was obtained with average rainfall and disease incidence (Figure 1 F).

The first symptom of blister blight is a small, pale green, pale yellow or 

pinkish translucent spot or may merely be of a lighter shade than the rest of the leaf, 

which can be easily discernible when the leaf is held against light. In exceptional 

cases the spot is red on both sides (Plate 6, fig. B). The circular spots gradually 

enlarge until they reach a diameter of 3 - 12.5 mm. The upper side of the leaf of the 

lesions sunken and at the same time on the lower surface they become 

correspondingly convex, thus, forming a typical blister under conducive climatic 

conditions (Plate 6, fig. D). The upper concave surface of the lesion is smooth, while 

the lower convex surface is initially dull, then grey, and finally becomes pure white, 

dense and velvety on which the spores are produced (Plate 6, fig. E). The final 

outcome of an infection resulting from a compatible interaction is a series of variable 

infection stages starting from appearance of a translucent spot which gradually, in 11-

28 d, develops in to a white velvety sporulating blister on exposure to UV light. 

Under severe infection the affected leaves curl up. When the tender stem is attacked, 

the entire shoot withers and falls (Plate 5, fig. E). For the present study leaf samples 

showing natural symptoms were used. Healthy (H) (Plate 6, figs. A & C), infected (S) 

and resistant (R) leaves exhibiting hypersensitive reaction (Plate 6, fig . F) were 

collected from fields. The diseased samples were sorted in to three stages of infection 
(Table 7).
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Plate 6 (figs. A -  F). Stages of disease development. [A] Healthy twig. 
[C] Healthy leaves. [&] Initial symptoms on twigs (two and a bud). 
D] Moderate infection. [E] Severe infection (blister postules on ventral 

surface). [F] Necrotic lesions (hypersensitive).



Table 7. Categories of stages of infection of blister blight diseased tea leaves

Stages of infection Visible symptoms

Stage 1 - Initial Appearance of small, pale green, pale yellow or
pinkish translucent spots 

Stage 2 - Moderate infection Appearance of notches on the leaves with slight
concavity

Stage 3 - Severe infection Appearance of mature blister

Three isolates of E. vexans (EVl, EV2 and EV3) obtained from flush shoots 

with well-developed sporulating lesions were observed under bright field 

illumination. Basidiospores were hyaline, elliptical, clavate and two celled at 

maturity. However the isolates differed in spore size. Average size of spores measured 

for the isolates were EVl -  9.95 x 3.25 |^m (Plate 7, fig. B); EV2 -  5.55 x 3.55 p.m 

(Plate 7, fig. A) and EV3 -  7.20 x 3.25 |im. The spores readily germinated by 

producing one or two germ tubes in a pH range of 5.0 -  8.0 at 25 ±2°C. Within 24 h 

of growth, the tips of the germ tubes enlarged to form appressoria observed as round 

thickenings (Plate 7, fig. D). Basidiospore morphology was also observed under 

scanning electron microscope (SEM). The white spore mass of E. vexans was coated 

with a gold-palladium alloy in order to eliminate the charging effect of the electron 

beam by the sputtering method in an ion coater. Photomicrograph of SEM has been 

presented in Plate 7, fig. C.

Blisters formed following infection were generally observed on the ventral 

surface of the leaf. To observe the morphology of the superficial extent of damage, 

scanning electron microscopic observations of the ventral surface of healthy leaves 

and blister affected postules were made. Several stomata were observed on the ventral 

surface of the healthy leaf (Plate 8, figs. A - F). On scanning the ventral surface of 

blister postules, extensive damage was observed. Epidermal cells close or in contact 

with the hyphae exhibhed hypertrophy with collapsed epidermal cells. The leaf 

surface had lost its morphological orientation. The surface was completely distorted 

and stomata were not visible as clearly seen on the healthy leaf surface (Plate 9, 

fig. A).
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Plate 7 (figs. A -  D). Basidiospores of E. vexans. [A & C] Isolate EV-2. 
B & D] Isolate EV-1, [A & B] Bright field (40x), [C] Scanning electron 

microscopic micrograph (200x). [D] Germinated spores with appressoria 
(40x).



The pathogen appears to be of aggressive nature causing damage of the 

highest degree (Plate 9, figs. B - F). Significant morphological differences were 

observed between healthy and infected leaf surfaces.

Besides, a histological assessment of blister blight infection was also made. 

Transverse cross sections were cut through the blister blight infected zones of the tea 

leaf and observed under bright field illumination (Plate 10, figs. A & B). The blister 

comprised of numerous compact bundles of hyphae that formed the hymenial layer. 

Basidia bearing basidiospores were also observed. Fungal penetration through the 

epidermis in to the mesophyll tissues was also evident. Dense growths of the hyphae 

directed towards the lower surface were obvious.

4.2. Screening of resistance of tea towards E. vexans

Thirty tea varieties (AV-2, BS-7A/1/76, CP-1, HV-39, P-1258, RR-17, T- 

17/1/54, T-135, T-78, TS-449, UP-2, UP-3, UP-8, UP-9, UP-17, UP-26, BSS-1, BSS- 

2, BSS-3, TV-9, TV-18, TV-20, TV-22, TV-23, TV-25, TV-26, TV-27, TV-28, TV-

29 and TV-30) were screened for resistance towards E. vexans. Methods of 

basidiospore collection, artificial inoculation and disease assessment were followed as 

mentioned in materials and methods. Percentage infection was recorded 20 d after 

inoculation by examining the number of infected shoots and leaves. Disease incidence 

was scored and on the basis of the percentage of infection, the varieties were grouped 

as 0-20 % - resistant (R), 21-40 % - moderately resistant (MR), 41-70 % - moderately 

susceptible (MS) and 71-100 % - susceptible (S). Results have been presented in 

Table 8. Among the Darjeeling varieties T-17/1/54 and BS-7A/1/76 were highly 

resistant, T-78 and T-135 were susceptible, while the rest were moderately 

susceptible. Most of the UPASI varieties (BSS-2, UP-2, UP-3, UP-9 and UP- 17) 

were highly susceptible (S), BSS-3 was found to be resistant while others were found 

to be either moderately susceptible (MS) or moderately resistant (MR). As for Tocklai 

varieties, the varieties TV-9, TV-18 and TV-28 were highly susceptible (S) and the 

rest were either moderately susceptible or moderately resistant.
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Plate 8 (figs. A -  F). Scanning electron micrographs of healthy tea leaf 
(ventral surface).



Plate 9 (figs. A -  F). Scanning electron micrographs of blister blight infected 
tea leaves (ventral surface). [A] Healthy leaf [B - F] Infected leaf
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Plate 10 (figs. A «& B). Histopathology of E. vexam'-infected tea leaf.
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Table 8, Incidence of blister blight caused by E. vexans on 
tea plants

artificially inoculated

Tea varieties Percentage infection (%)* Disease score'*

Darjeeling AV-2 61.7±0.18 MS
BS-7A/1/76 15.9 ±0.04 R
CP-1 58.5 ± 0.09 MS
HV-39 55.3 ±0.18 MS
P-1258 51.6±0.13 MS
RR-17 67.5 ±0.19 MS
TS-449 62.8 ± 0.09 MS
T-135 91.5 ±0.08 S
T-17/1/54 11.0 ±0.03 R
T-78 96.2 ±0.06 S

UPAS! BSS-1 21.3 ±0.06 MR
BSS-2 84.6 ±0.10 S
BSS-3 18.2 ±0.07 R
UP-2 81.3 ±0.08 S
UP-3 74.8 ± 0.05 s
UP-8 48.2 ± 0.03 MS
UP-9 89.8 ±0.11 S
UP-17 72.7± 0.08 S
UP-26 46.5 ± 0.07 MS

Tocklai TV-9 78.3 ± 0.06 s
TV-18 93.9 ±0.05 s
TV-20 22.4 ± 0.04 MR
TV-22 44.3 ± 0.06 MS
TV-23 50.1 ±0.07 MS
TV-25 53.5 ± 0.02 MS
TV-26 38.2 ±0.14 MR
TV-27 51.6 + 0.09 MS
TV-28 71.1+0.12 S
TV-29 28.6 ± 0.05 MR
TV-30 34.4 ±0.03 MR

Note: Data average of three experiments; ± Standard error; “ 50 shoots were screened 
per variety 20 days after inoculation with E. vexans, R - resistant (0 - 20 %), 
MR - moderately resistant (21 - 40 %), MS - moderately susceptible (41 - 70 %), 
S - susceptible (71-100 %).



84

4.2.2. Immunoenzymatic assays

Plants respond to infection by pathogens in a number of ways. The initial 

recognition triggers the activation of the immune system of plants, which though 

different from that of animals, is functionally similar. An important area of 

immunological studies involves the use of pathogen antiserum for screening 

resistance of host plants beginning from the very early stages of host pathogen 

interaction. Hence, for immunological screening of resistance of tea plants against 

E. vexans were performed using enzyme linked immunosorbent assay (PTA-ELISA) 

and dot-immunobinding assay (DIBA). For this purpose, polyclonal antibodies (PAb) 

were raised against blister blight pathogen {E. vexans), non-pathogen of tea 

(F. oxysporum) and tea varieties (T-17/1/54 and T-78). Blood samples were collected 

by marginal ear vein puncture (Plate 11, fig. A). The PAbs of E. vexans (PAb-EVl), 

T-17/1/54 (PAb-T17), T-78 (PAb-T78) as well as F. oxysporum (PAb-FO) were 

stored in the Antisera Reserves (Plate 11, fig. C). The effectiveness of five bleeds was 

tested initially using agar gel double diffusion tests. Strong precipitation bands were 

observed with PAb-EVl (Plate 11, fig. B), PAb-T17, PAb-T78 and PAb-FO in their 

respective homologous reactions.

4.2.2.I. Optimization of PAbs and antigen concentrations

Optimization tests were performed separately with all PAbs raised against 

pathogen (E. vexans), non-pathogen (F. oxysporum) and host (T-17/1/54 and T-78). 

Purified IgG fi:actions of all of the PAbs were used for each experiment. Optimization 

of PTA-ELISA was done considering two variables i.e., concentration of the antigen 

and concentration of PAb. Reactions were done with PAb obtained from different 

bleedings. The protein concentration of purified IgGs obtained from different bleeds 

of the different sources was pre-determined using the referred formula. Goat 

antirabbit IgG (whole molecule) alkaline phosphatase (Sigma) conjugate (1:10,000) 

and p-nitrophenyl phosphate (10 mg ml"') were used for PTA-ELISA as enzyme- 

substrate The substrate (pNPP) reaction was terminated after 60 min and absorbance 

values were means of five adjacent wells measured at 405nm.
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Plate 11 (figs. A - D). Immunological assays. [A] Collection of blood samples 
from rabbit by marginal ear vein puncture. [B] Agar gel double diffusion tests 
-  antigens of E. vexans (1-6) and PAb-EVl (7). [C] Antisera reserves for 
plant pathogens. [D] Dot immunobinding assay on nitrocellulose membrane 
using antigens of isolates of E. vexans and healthy leaves of tea varieties 
probed with PAb-EV 1 and reacted with NBT-BCIR



PAb-EVl (Pathogen): Different concentrations of IgG (ranging from 0.312 - 

40 îg m r‘) from PAb-EVl were tested against homologous antigens at a 

concentration of 20 ^g ml '. Absorbance values in PTA-ELISA increased with 

increase in concentration of IgG with a maximum of 3.213 in 40 (xg ml ' (Figure 2 A). 

This concentration of IgG was selected for fiirther experiments. Antigen 

concentrations ranging from 0.156-20 ^g ml ' were tested against PAb-EVl at an IgG 

concentration of 40 ml"'. Results (Figure 2 B) revealed that ELISA values

mcreased with the increase of antigen concentration. However antigen concentrations 

as low as 0.156 ng ml ' could also be specifically detected by PTA-ELISA.

PAb-T17 and PAb-T78 (Host): A series of IgG concentrations ranging from 

0.312-40 ^g ml"', prepared from PAb-T17 and PAb-T78 were tested against their 

homologous antigens at a concentration of 20 (xg ml"'. Absorbance values increased 

with increase in concentration of IgG with maximum values of 3.112 and 2.925 with 

PAb-T17 and PAb-T78 respectively in 40 ^g ml'' (Figures 2 C & E). PTA-ELISA 

reaction with different concentrations of tea leaf antigens (T-17/1/54 and T-78) from 

0.156 - 20 |xg ml'' were determined at an IgG concentration of 40 |xg ml"' with all 

respective bleedings. Results are depicted in Figures 2 D & F. PAb-T17 and PAb-T78 

at IgG concentrations of 40 ^g ml'' were used in all experiments.

PAb-FO (Non-pathogen): Optimization of ELISA was done considering two 

variables - dilution of antigen and antiserum was done in this case also. Dilutions of 

antigen concentrations were tested against PAb-FO at an IgG concentration of 40 |xg 

ml*'. ELISA could, easily detect concentrations as low as 0.156 fxg ml'' o f the antigen. 

Similarly, antiserum dilutions ranging from 0.312 -  40 jxg ml’' were tested against a 

homologous antigen concentration of 20 |ig ml"'. Results reveal a fall in ELISA 

values with concomitant decrease in antiserum concentration. The highest value 

obtained was 2.956 at 40 }ig ml*' IgG concentration. This concentration of IgG was 

used for all experiments.
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Figure 2. Optimization of PAbs raised against pathogen {E. vexans) and tea varieties 
(T-17/1/54 & T-78) reacted against homologous antigen using PTA-ELISA formats.
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4.2.1.2. Screening by PTA-ELISA and DIB A

Varieties such as T-78, TV-18, T-135, UP-9, BSS-2, UP-2, RR-17, TV-28, 

UP-3, TS-449, AV-2, CP-1 and HV-39 showed higher ELISA values whereas for 

TV-25, TV-27, TV-23, UP-8, TV-22, TV-26, TV-30, TV-20, BSS-1, BS-7A/1/76 and 

T-17/1/54 the values decreased (Table 9), indicating T-78 to be most susceptible and 

T-17/1/54 most resistant with absorbance values of 0.775 and 0.225 respectively. 

These results of PTA-ELISA were confirmed by Dot-blot assay (Table 9) in which 

intensity o f the dots widely differed (Plate 11, fig. D) among the varieties showing 

compatible and incompatible reaction against the pathogen when artificially 

inoculated in the experimental field. Colour intensity of dots were scored by eye and 

denoted as: + insignificant, + + light violet, + + + violet, + + + + deep violet. NET/ 

BCIP was used as substrate in dot blot assay. Finally, percentage infection in thirty tea 

varieties following artificial inoculation were compared with their PTA-ELISA values 

as illustrated in Figure 3.

4.2.2.3. Determination of cross reactivity

Reciprocal reactions involving PAbs of resistant and susceptible tea varieties 

(T-17/1/54 and T-78) and antigens o f host (nine varieties), pathogen (£. vexam; 

isolate EVl, EV2 and EV3), non-pathogen {F. oxysporum) and non-hosts 

(L. leucocephala, O. sativa, G. max) were also carried out using PTA-ELISA formats. 

Results have been presented in Table 10. PAb of susceptible variety (T-78) gave 

higher absorbance values than that of resistant variety (T-17/1/54) when tested with 

antigen of E. vexans. Very low values were recorded in reactions involving antigens 

of oxysporum (non-pathogen) and other plant species.
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plate trapped antigen enzyme linked 
immunobinding formats

immunosorbent assay and dot

Antigen of host and pathogen PTA-ELISA values Dot blot
(50 ng ml'^) A405 nm with SE* assay

Host [Tea varietiesj
Darjeeling AV-2 0.522 ±0.01 + + +

BS-7A/1/76 0.275 ± 0.04 +
CP-1 0.510 ±0.03 +  +  +

HV-39 0.495 ± 0.02 +  +  +

P-1258 0.463 ± 0.03 + + +
RR-17 0.585 ± 0.00 + + +
TS-449 0.532 ±0.04 + + +
T-135 0.704 ±0.12 + + + +
T -7/1/54 0.255 ± 0.08 +

T-78 0.775 ± 0.01 +  +  +  +

UPASI BSS-1 0.327 ±0.10 +  +

BSS-2 0.644 ±0.07 +  +  +  +

BSS-3 0.331 ±0.02 +  +

UP-2 0.631 ±0.06 +  +  +  +

UP-3 0.555 ± 0.09 +  +  +

UP-8 0.448 ±0.03 +  +  +

UP-9 0.675 ± 0.02 +  +  +  +

UP-17 0.575 ± 0.14 +  +  +

UP-26 0.435 ±0.14 +  +  +

Tocklai TV-9 0.620 ±0.02 +  +  +  +

TV-18 0.755 ± 0.05 +  +  +  +

TV-20 0.335 ±0.10 +  +

TV-22 0.422 ±0.03 +  +  +

TV-23 0.452 ±0.12 +  +  +

TV-25 0.482 ±0.12 +  +  +

TV-26 0.375 ± 0.04 +  +

TV-27 0.475 ± 0.07 +  +  +

TV-28 0.575 ± 0.05 +  +  +
TV-29 0.355 ± 0.04 + +
TV-30 0.366 ±0.07 +  +

Pathogen {E. vexans isolates) 1.023 ±0.12 +  +  +  +

EVl 2.435 ±0.10 + + + + + +

EV2 1.892 ±0.10 +  +  +  +  +

EV3 1.756 ±0.09 -f f  +  +  +  +

Note: * ± Standard error; PAb-EVl, IgG concentration 40 îg ml ’; Absorbance values 
were means of three separate experiments; 50 plants were screened per variety, 
Colour intensity o f dots: + insignificant, + + light violet, + + + violet, + + + + deep 
violet, + + + + + deeper violet, + + + + + + deepest violet; NBT/BCIP was used as 
substrate in dot blot assay.
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Figure 3. Comparison of PTA-ELISA values ( a ) of tea leaf antigens reacted with PAb-EVl 
and percentage infection (o-o) on tea varieties artificially inoculated with E. vexans
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Table 10. PTA-ELISA values of host, non-host, pathogen and non-pathogen 
antigens reacted with PAbs of tea varieties (T-17/1/54 and T-78), E. vexans 
(pathogen) and Fusarium oxysporum (non-pathogen)

Antigen (50 \ig mf^) PTA-ELISA values A405nm with SE*

T-17/1/54
Polyclonal antiserum 
T-78 E. vexans “ F. oxysporum

Host [Tea varieties] 
Darjeeling

T-17/1/54 1.689 ±0.06 0.567 ± 0.03 0.245 ± 0.03 0.158 ±0.04
T-78 0.690 ± 0.04 1.184 ±0.02 0.777 ± 0.09 0.195 ±0.03

TS-449 0.609 ± 0.03 0.695 ± 0.02 0.539 ±0.02 0.156 ±0.02

UPASI
BSS-1 0.699 ± 0.03 0.649 ±0.02 0.321 ±0.05 0.103 ±0.02

UP-8 0.669 ± 0.08 0.707 ± 0.02 0.444 ± 0.03 0.113 ±0.09
UP-2 0.625 ± 0.06 0.575 ±0.05 0.641 ± 0.04 0.189 ±0.06

Tocklai
TV-30 0.712 ±0.02 0.667 ± 0.03 0.333 ± 0.08 0.160 ±0.01
TV-18 0.581 ±0.06 0.778 ± 0.07 0.751 ±0.05 0.167 ±0.04
TV-25 0.777 ± 0.03 0.745 ± 0.06 0.480 ±0.03 0.198 ±0.01

Pathogen (E. vexans isolates)
EVl 0.420 ±0.05 0.778 ± 0.01 1.972 ±0.02 0.199 ±0.08
EV2 0.395 ± 0.04 0.750 ±0.01 1.887 ±0.07 0.129 ±0.03
EV3 0.350 ± 0.08 0.700 ±0.03 1.728 ±0.04 0.111 ±0.02

Non-pathogen
F. oxysporum 0.149 ±0.08 0.177 ±0.01 0.187 ±0.04 1.245 ±0.03

Non-host
G. max 0.222 ± 0.03 0.283 ± 0.05 0.211 ±0.06 0.432 ± 0.08

L. leucocephala 0.226 ± 0.02 0.251 ±0.08 0.199 ±0.07 0.346 ± 0.06
0. sativa 0.274 ± 0.04 0.230 ± 0.06 0.192 ±0.02 0.239 ±0.03

Note: * ± Standard error; IgG concentration 40 fig ml’*; Absorbance values were 
means of three separate experiments.



4.3. Cellular localization of major cross reactive antigens shared by

E. vexans and Camellia sinensis

In phytopathological studies it is also important to leam the host parasite 

relationship at the cellular level. The presence of cross-reactive antigens (CRA) 

between plant host and parasite that in some instances reflect degrees of compatibility 

in the parasite association is well known. The unique presence of CRA in hosts and 

parasites continues to suggest a regulatory role of CRA in host-parasite specificity. To 

achieve this antibodies labeled with fluorescein isothiocyanate (FITC) were used to 

determine location of CRA in sections of tea leaves and fungal cells, which provided 

positive results.

4.3.1. Indirect immunofluorescence

4.3.1.1. Healthy leaf

Indirect immunofluorescence using PAb-EVl labeled with FITC were used to 

determine the location of CRA in leaf tissues. Fresh cross-sections of healthy tea 

leaves of susceptible (T-78, T-135 and UP-9) as well as resistant varieties (T-17/1/54, 

BS-7A/1/76 and BSS-3) were cut through the midrib and treated with normal, 

homologous (PAb-T17) and heterologous (PAb-EVl) antibody separately, labelled 

with FITC conjugate and observed under UV fluorescence conditions. The leaf 

sections exhibited a natural bright yellow autofluorescence (Plate 12, fig. A) mainly 

on the cuticle and sclereids present in the mesophyll tissue. Similar results were noted 

when the leaf sections were treated with normal antiserum and labelled with FITC. On 

the other hand leaf sections treated PAb-EVl, reacted much more strongly to FITC 

and exhibited apple green fluorescence. Leaf sections treated with PAb raised against 

leaf antigen and then reacted with FITC developed bright fluorescence, which was 

distributed throughout the leaf tissue. PAb-EVl was most reactive with leaf sections 

of susceptible tea varieties recorded by visual estimation compared with resistant 

ones. Interestingly, occurrence of phenolic compounds was distinctly visible in 

sections of BS-7A/1/76, a resistant variety (Plate 12, fig. C) indicating existing 

constitutive phenolics as defense components. Of much significance was the strong 

reaction of PAb-EVl with sections of T-135, a susceptible variety (Plate 12, fig. E) 

compared to all treatment combinations. Here reaction with FITC developed bright
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Plate 12 (figs. A—E). Cellular localization of major cross reactive antigens 
shared by E. vexam and C. sinensis. Autofluorescence of tea leaf tissues 
treated with normal serum [A]. PAb-EVl treated and FITC labeled cross 
sections of healthy tea leaves of resistant variety-BS-7A/1/76 [C], susceptible 
variety -  T-135 [E] and spores of E. vexans [B & D],
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Plate 13. Concanavalin-A FITC binding ofbasidiospores oiE. vexans.
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fluorescence that was distributed throughout the leaf tissues but mainly over the 

epidermal cells, mesophyll tissues and xylem elements. It appears that CRA may form 

a continuum between cells of host and parasite, which favours the growth and 

establishment of the parasite.

4.3.1.2. Basidiospores ofE.  vexans

Indirect fluorescent antibody tests using PAb-EVl were conducted with 

isolates -  EVl, EV2 and EV3. The spores were observed both under bright field 

illumination and UV-light for comparison. The spores were not autofluorescent nor 

did they fluoresce when treated with normal serum followed by FITC. Treatment of 

the spores with homologous antiserum showed a general fluorescence along the spore 

walls indicating presence of macromolecules with recognisable antigenic epitopes, 

however cell definition was absent. Hence, the antibody proved it’s specificity and 

based on the color reaction, the isolates of E. vexans could be identified (Plate 12, 

figs. B &, D).

4.3.1.3. Fluorescent-labelled Concanavalin-A binding

Lectins have proved to be useful tools for locating and identifying lectin- 

recognizable glycoconjugate components on cell surfaces. In an attempt to determine 

whether the glycoproteins were present at the spore surface of E. vexans, FITC Con-A 

was used as the probe. Basidiospores intensely bound FITC Con-A, which was visible 

under UV- illumination (Plate 13).

4.3.2. Indirect immunogold labeling

The purpose of the ultrastructural immunocytochemical studies was to locate 

cross-reactive antigenic sites in tea leaf tissues shared by E. vexans. Ultrathin sections 

of healthy leaves were treated separately with normal antiserum and PAb-EVl 

followed by uranyl-acetate staining. Tissue cross sections incubated with normal 

serum instead of primary antibodies did not show any labelling (Plate 14, figs. A - D). 

Electron microscopic observations of tea leaf tissues treated with PAb-EVl and 

labeled with antirabbit IgG (whole molecule) gold conjugate (10 nm) showed specific 

localization of the antibody in certain intercellular structures (Plate 14, figs. E - H). 

Extracellular labeling was also noted.
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Plate 14 (figs. A - H). Transmission electron micrographs of healthy tea leaf 
tissues stained with uranyl acetate [A - D] and immunogold labelled [E - H] 
probed with PAb of E. vexans.
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4.4. Immunodetection of E. vexans in tea leaf tissue

The PTA-ELISA is very sensitive and has proved valuable in detecting 

infection before macroscopic symptoms appear. Such detection techniques make it 

possible to detect microquantities of the pathogen within a few hours of infection, 

which is much more advantageous than the conventional techniques involving 

pathogen inoculation, visible symptoms and microscopy. These have tremendous 

potential for plant disease control measures since detection of a pathogen at the initial 

stages o f infection can lead to formulation of control measures before much harm has 

been done. At present, immunoassays are also being used for various other purposes 

such as localization of pathogens within tissues and identification of specific antigens 

in electrophoretically separated components. It was of interest to detennine whether 

E. vexans infections were detectable in tea leaf tissues using immunoassays such as 

PTA-ELISA, Dot-biot and Western blot.

4.4.1. Natural infection

Natural blister blight infected tea leaves were collected from two different tea 

gardens of Daqeeling hills - Margaret's Hope and Castleton; and one of the plains - 

Hansqua. Six different sections and three different months (July through September 

for hills and December through February for plains) were considered for sampling. 

Percentage infection of blister blight disease in those sections during the collection 

periods was also recorded.

4.4.1.1. PTA-ELISA

Antigens prepared from blister infected tea leaves of the different sections and 

corresponding healthy samples were tested in PTA-ELISA at antigen coating 

concentrations of 50 îg protein ml ' and probed with PAb-EVl. PTA-ELISA values 

for blister infected extracts were higher than the healthy controls at the same coating 

concentrations and at all antiserum dilutions (Table 11).
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Table 11. Detection of £. vexans in natural blister infected tea leaves using PTA- 
ELISA form at

Tea Estate

Section

PTA-ELISA values A405 nm Percentage
Leaf antigens (50 ml'^) infection
Healthy Infected

Margaret’s

Hope

Castleton

Hansqua

1

2

3

4

5

6 

1 

2

3

4

5

6 

1 

2

3

4

5

6

0.247 ± 0.3 

0.299 ± 0.3 

0.329 ± 0.4 

0.281 ±0.6 

0.297 ± 0.8 

0.484 ± 0.0 

0.478 ± 0.0 

0.456 ± 0.3 

0.401 ±0.6 

0.347 ± 0.0 

0.414± 0.3 

0.459 ±0.8 

0.209 ± 0.3 

0.349 ± 0.4 

0.299 ± 0.4 

0.227 ± 0.8 

0.279 ± 0.7 

0.354 ± 0.3

0.992 ± 0.7 

1.389 ±0.3 

0.826 ±0.7 

0.794 ±0.8 

1.456 ±0.5 

1.652 ±0.4 

1.700 ±0.4 

0.888 ± 0.3 

1.473 ±0.7 

1.351 ±0.1 

0.851 ±0.3 

1.111±0.3 

0.812 ±0.8 

1.442 ±0.3 

1.312 ±0.5 

0.707 ±0.1 

1.296 ±0.7 

0.801 ± 0.8

35.7 

73.9

42.8

96.6

84.6

32.4 

88.3

72.5

87.2

78.9

65.2

71.1

43.7

77.9

74.8

33.6

70.2

30.9

Note: * ± Standard error; PAb-EVl, IgG concentration 40 jig ml''; Absorbance values 
were means of three separate experiments.
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4.4.I.2. Dot immunobinding assay

Healthy tea leaf antigens and antigens prepared from the different stages of 

infection were coated on nitrocellulose membranes and reacted with PAb-EVl 

following the protocol of Dot-blot assay. Employing NBT/BCIP as substrate the 

reaction produced violet colored dots. Results revealed a variation in the color 

intensity of all stages of infection. The antigens obtained from Stage-3 had the deepest 

intensity, followed by Stage 1 and 2 that were more or less in the same order of 

strength with a moderate intensity. The healthy samples had lighter dots when 

compared with those of infected and homologous samples (Table 12).

Table 12. Detection of E. vexans in natural blister infected tea leaves by dot- 
immunobinding assay

Tea Estate Stage of disease 
development

Dot-blot assay

Margaret’s Hope Healthy
Infected

+ + +

Initial (SI) + + + +
Moderate (S2) + + + +

Severe (S3) + + + + + +
Hypersensitive 
reaction (HR)

+ +

Castleton Healthy
Infected

+ + + +

Initial (SI) + + + + +
Moderate (S2) + + + + +

Severe (S3) + + + + + +
Hypersensitive 
reaction (HR)

+ +

Hansqua Healthy
Infected

+ + +

Initial (SI) + + + + +
Moderate (S2) + + + + +

Severe (S3) + + + + + +
Hypersensitive 
reaction (HR)

+ +

Note: PAb-EVl, IgG concentration 40 ^g ml"'; Colour intensity o f dots: + 
insignificant, + + light violet, + + + violet, + + + + deep violet, + + + + + deeper 
violet, + + + + + + deepest violet; NBT/BCIP was used as substrate in dot blot assay.
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4.4.2. Time course detection of pathogen

Leaf antigens were extracted from nine tea varieties (Darjeeling -  T-78, 

T-135; UPASI -  UP-9, BSS-2, UP-2, UP-3, UP-17; and Tocklai -  TV-18, TV-9) after 

artificial inoculation with E. vexans at 1-day intervals for 12 days. These antigens 

(50 |ag ml ') along with healthy leaf antigens were reacted with PAb-EVl (40 jxg ml"' 

IgG concentration) using PTA-ELISA formats. Plants inoculated with E. vexans 

reacted first after 24 h of inoculation (T-135, T-78 and UP-9) where ELISA values 

were slightly higher than for healthy controls (Table 13). At 48 h after inoculation, 

ELISA values significantly increased for all nine varieties tested at the same time in 

comparison to healthy controls. At that time point no apparent disease symptoms were 

visible on leaves in any of the varieties inoculated with E. vexans. Detection of 

pathogen was possible by ELISA much before the symptoms appeared on inoculated 

leaves. Symptoms generally appeared 11 d after inoculation with E. vexans and their 

ELISA response with PAb-EVl was demonstrated as early as 24 - 48 h of entry of the 

pathogen in the host tissues (Figure 4). The format proved to be sensitive, reliable and 

reproducible to detect the pathogen in tea leaf tissues.

4.4.3. Characterization of pathogen induced protein in tea leaf tissues

Tea varieties showed clear differential responses in developing either a 

compatible or an incompatible reaction in response to infection by E. vexans. Soluble 

proteins were extracted from healthy and artificially inoculated (with E. vexans) 

plants of three tea varieties (T-78, UP-2, TV-18) after 20 days when visible symptoms 

appeared and separated by SDS-PAGE. Protein profiles were analysed and their 

molecular weights were determined. Upon electrophoretic comparison, proteins from 

these tea varieties displayed similar but not identical ranges of mobility (Plate 15, 

fig. A). Protein bands ca. 94, 65, 45, 28 and 19 kDa were present in homogenates 

from both compatible and incompatible interactions, while protein bands 58 and 15 

kDa were present in compatible interactions only. At this stage of infection fimgal 

growth was significantly more advanced than in incompatible interactions as 

confirmed by PTA-ELISA formats.
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Table 13. PTA-ELISA values obtained with extracts of different tea varieties at 
different times after inoculation with E. vexans

Days after 
inoculation

PTA-ELISA values A405nm with SE*
Leaf antigen (50 pg ml'*)

T-135 UP 9 T-78
H I H I H I

1 0.756 0.819 0.635 0.704 0.731 0.799
±0.05 ±0.05 ±0.02 ±0.04 ±0.04 ±0.03

2 0.723 0.859 0.647 0.813 0.743 0.837
±0.03 ±0.01 ±0.07 ±0.02 ±0.07 ±0.02

3 0.745 0.893 0.659 0.899 0.742 0.948
±0.02 ±0.05 ±0.09 ±0.03 ±0.02 ±0.03

4 0.728 0.942 0.661 0.911 0.743 0.976
±0.02 ±0.02 ±0.03 ±0.04 ±0.05 ±0.05

5 0.739 0.999 0.624 0.936 0.752 0.990
±0.07 ±0.03 ±0.05 ±0.05 ±0.06 ±0.07

6 0.747 1.195 0.663 0.968 0.768 1.141
±0.03 ±0.05 ±0.07 ±0.03 ±0.01 ±0.01

7 0.749 1.228 0.699 0.999 0.771 1.278
±0.09 ±0.02 ±0.01 ±0.08 ±0.04 ±0.07

8 0.752 1.348 0.612 1.104 0.747 1.377
±0.03 ±0.08 ±0.08 ±0.02 ±0.06 ±0.03

9 0.753 1.432 0.642 1.251 0.739 1.479
±0.09 ±0.07 ±0.02 ±0.06 ±0.08 ±0.03

10 0.750 1.542 0.683 1.384 0.726 1.582
±0.05 ±0.03 ±0.06 ±0.02 ±0.04 ±0.04

11 0.767 1.627 0.689 1.500 0.748 1.733
±0.03 ±0.06 ±0.02 ±0.06 ±0.06 ±0.04

12 0.757 1.746 0.672 1.696 0.780 1.897
±0.08 ±0.02 ±0.02 ±0.03 ±0.03 ±0.05

Note: * ± Standard error; PAb-EVl, IgG concentration 40 ml''; Absorbance values
were means of three separate experiments; 50 plants were inoculated per variety.
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artificially inoculated tea leaf antigens at different intervals.
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KDa 
97.4 •

68.0  •

45.0 •

29.0 •

20.0 •

14.2 •

KDa

58

15

Plate 15 (figs. A & B); Pathogen-induced proteins. [A] SDS-PAGE, 
B] Western blot. Lanes (1 & 2) healthy leaves; lanes ( 3 & 4) artificially 

inoculated tea varieties. T - 78 (1 & 3), UP - 2 (2 & 4).
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In an attempt to determine if any of the proteins were of pathogen origin, 

immunological characterization of such proteins was done following western blots 

using the probe of E. vexans as well as the probe of tea leaf (PAb-T17). Accordingly 

one blot was incubated with PAb-EVl and one with PAb-T17. On probing with PAb- 

EVl recognition of two proteins of approximately 58 and 15 kDa was observed only 

in the E. vexa/w-inoculated leaf samples, which were absent in healthy leaf samples 

(Plate 15, fig B). These proteins were unique to the compatible interaction and were 

not recognized by PAb-T17. The proteins recognized by PAb-EVl corresponded to 

protein bands revealed in SDS-gels.

4.S. Immunolocalization of E. vexans in blister infected tea leaf
tissues

4.5.1. Noii-fluorescent immunocytochemical staining

One of the unique formats for detection of pathogen in host tissues includes 

the use of a non-fluorescent immunoenzymatic stain based on specific antibodies. 

This immunoenzymatic assay has several advantages over conventional bioassays in 

determining the colonization pattern of fungi in host tissues. It allows direct detection 

of the hyphae present in the tissue and specificity of the stain is based on specificity of 

the serum. This technique could be more advantageous than fluorescent antibody 

staining techniques, as it does not require the use of fluorescence microscopes. The 

sensitivity and specificity of the antibody raised against E. vexans (PAb-EVl) has 

already been established by PTA-ELISA in the previous chapters. In the present study 

one resistant (TV-30) and two susceptible varieties (T-78 and UP-2) were selected for 

development of a specific immunocytochemical staining procedure for detection and 

cellular localization of pathogen in tea leaf tissues.

4.5.1.1. Growth of E. vexans in artificially inoculated plants

Colonization by the pathogen in cross sections o f leaf tissues of artificially 

inoculated resistant and susceptible plants was studied employing PAb-EVl following 

a specific immunoenzymatic-staining format with Fast Blue BB salt. Hyphae of 

E. vexans were detected growing within the palisade and across the mesophyll tissues 

of inoculated leaves, which were absent in leaf sections o f healthy samples (Plate 16, 

fig. A).



105

Plate 16 (figs. A - F). Immunocytochemical staining of liealthy [A] and 
E. vexans inoculated [B - F] leaf tissues with Fast Blue BB salt probed with 
PAb of E. vexans. TV-30 (A & B); T-78 (C & D); UP-2(E & F).
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Plate 17 (figs. A - D). Cross sections of blister blight infected tea leaf 
probed with PAb of E. vexans stained with Fast blue BB salt.
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In cross sections obtained from leaves after 1 d of inoculation a few mildly 

stained cells were observed. Intense staining reactions in inoculated samples after 8  d 

of incubation gave an indication of successftil penetration of the fimgus in the leaf 

tissues. There always appeared to be more fungal mass in susceptible varieties (Plate 

16, figs. C - F) than in the resistant ones (Plate 16, fig. B).

4.5.1.2. Colonization of E. vexans in natural infection

Colonization of E. vexans in field grown tea leaves was also studied by using 

PAb-EVl following immunoenzymatic staining with Fast Blue BB salt. Blue 

coloration of the colonies in the foliar tissues revealed its localization in cellular 

compartments (Plate 17, figs. A - D). Fungal mycelium and spores stained with Fast 

blue BB salt was quite distinct on the epidermal cell in infected samples (Plate 17, 

figs. A & B) with lack of stain in healthy (control) ones. Pathogen was well 

established and had ramified through the intercellular spaces of the mesophyll tissues 

(Plate 17, figs. C & D).

4.5.2. Indirect immunofluorescent antibody staining of infected leaves

Naturally blister infected tea leaves were considered for this experiment. Cross 

sections of leaves were treated with normal antisera and PAb-EVl separately and 

labelled with FITC. Healthy cross sections were autofluorescent along the cuticle 

(Plate 18, fig. A). Normal antisera did not show reactivity with healthy or infected 

samples. Blister infected leaf samples colonized with E. vexans showed strong 

fluorescence in the palisade and spongy parenchymatous tissues (Plate 18, figs. B - F). 

Basidia with basidiospores exhibited bright green apple fluorescence (Plate 18, figs. E 

&F).

4.5.3 Immunogold labelling of blister infected leaves

Ultrastructural and immunocytochemical studies on leaves affected by the 

blister blight pathogen (E. vexans) showed specific localization of the antibody on the 

flingal cell wall and certain intercellular structures. Extracellular labelling was also 

noted.
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_______  •  _____ _ _
Plate 18 (figs. A- F). Healthy [A] and blister infected tea leaf tissues [B - F 
treated with PAb of E. vexans and labelled with FITC.
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The purpose of the ultrastructural immunocytochemical studies was to 

determine sites of antibody binding on the fungus and also to determine whether 

extracellular binding of the antibody occurred in tea leaf tissues infected by E. vexans. 

Fixation had an important effect on the ultrastructural quality and antigenic response. 

Post embedding immunocytochemical labelling of healthy and blister infected leaf 

segments was performed on sections of LR-White embedded tissues, previously fixed 

with 0.1 M sodium phosphate buffered -glutaraldehyde (3 %) and using PAb-EVl 

and labeled with antirabbit-IgG (whole molecule) gold conjugate (10 nm).

Fungal mass in the cellular compartments was intensely labelled by PAb-EVl 

Spore and hyphal cell walls reacted intensely. Labelling also occurred on hyphal 

intracellular membrane structures including invaginations of the outer cell membrane. 

Hyphae lacking cellular components and apparently dead also reacted strongly. 

Extracellularly the antisera reacted with leaf cells undergoing degradation and were 

apparent as the cells were deformed and lost their orientation (Plate 19, figs. A - H). 

Infected leaves contained E. vexans hyphae in the cell walls. In the host cells different 

degrees of labelling were observed. However, in infected tissue, gold particles were 

predominantly localized (Plate 20, figs. A -  H). No labelling was detected in any 

other host cellular compartments. The gold particles observed on the surface appeared 

as either individual spherical particles covering the fungal surface varied in an even 

distribution or as clusters of particles (Plate 21, figs. A & B). Sections of host cells 

severely blister infected were strongly labelled confirming the presence of fungus in 

the cell while those of uninfected leaves of C. sinensis treated with E. vexans antibody 

(PAb-EVl) and then colloidal gold showed little gold labelling (Plate 14). Gold 

labelling in the sections showed a high amount of labelling in chloroplats and host 

cytoplasm and lesser amount in vacuoles, mitochondria and walls. Serological 

controls treated yielded negative results; i.e., gold labelling was absent or at uniformly 

low background levels. Thereby, specificity for labelling for E. vexans was 

demonstrated by control tests that showed complete abolition of gold labeling.
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Plate 19 (figs. A - H). Transmission electron micrographs of immunogold labelled 
blister blight infected tea leaf tissues probed with PAb of E. vexans. [B, D, F & H- 
magnified views of A, C, E and G respectively].
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Plate 20 (figs. A - H). Transmission electron micrographs of immimogold 
labelled blister blight infected tea leaf tissues probed with PAb of E. vexans.
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Plate 21 (figs. A & B). Transmission electron micrographs of immunogold 
labelled blister blight infected tea leaf tissues probed with PAb of E. vexans 
(magnified view).
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4.6. Analyses of tea leaf proteins

The immune systems operating in tea plants were described by analyzing their 

protein profiles. Proteomic techniques were applied to study the protein patterns of tea 

varieties on SDS-PAGE gels followed by their immunological characterization.

4.6.1. Total soluble protein determinations in leaf homogenates

Proteins were extracted from thirty tea varieties of Darjeeling - T-78, T-135, 

AV-2, CP-1, HV-39, T-17/1/54, BS-7A/1/76, TS-449, P-1258, RR-17; Tocklai - 

TV-26, TV-18, TV-29, TV-23, TV-30, TV-22, TV-9, TV-25, TV-20, TV-27, TV-28 

and UPASI - UP-3, UP-9, UP-26, BSS-2, UP-8 , BSS-1, UP-2, BSS-3, UP-17 and 

were quantified (Table 14) followed by SDS-gel electrophoresis. Electrophoretic 

comparison, o f proteins fi:om different tea varieties displayed comparable ranges of 

mobility. Protein profiles on SDS-gels have been presented in (Plate 22, figs. A - C) 

and their molecular weights were determined by EDAS. These have been presented in 

Table 14. On staining the SDS-gels with Coomassie blue a large number of protein 

bands varying in molecular weight were revealed. Most prominent of these was a 

protein o f approximately 48.5 kDa, which was constantly present in Tocklai as well as 

Darjeeling varieties and was observed in all but two of the UPASI varieties (UP-3 and 

UP-26). Further this band had a very high intensity in the Darjeeling varieties. A band 

of 66.2 kDa was common to all UPASI varieties. Another band of high molecular 

weight (85.2 kDa) that was dominant in most Darjeeling and UPASI varieties was not 

observed in the Tocklai varieties. The varieties in which this particular band was 

lacking revealed lack of another protein of high molecular weight (103 -  104 kDa). 

However a band of 100 kDa was common in Tocklai varieties (TViZ5TV-20, TV-22, 

TV-23, TV-27, TV-29 and TV-30). The low molecular weight proteins of the range 

12.6 -  14.0 kDa were present in all varieties but the resolution of such bands was low 

mainly in Darjeeling varieties and in one Tocklai variety (TV-25). Thus among 

different varieties differences in protein patterns were evident.
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RR-17 T-135 AV-2 CP-1 HV-39 T-17/1/54 BS-7A/1/76 TS-449

97.4 •

TV-26 TV-28 TV-29 TV-23 TV-30 TV-22 TV-9 TV-25

UP-3 UP-17 UP-26 BSS-2 UP-8 BSS-1 UP-2 BSS-3

Plate 22 (figs. A - C). SDS-PAGE analysis of total soluble leaf 
proteins of Daijeeling [A], Tocklai [B] and UPASI [C] varieties of tea.
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Table 14. Protein profiling of total soluble proteins of different tea varieties

Variety Protein content 
(mg g’  ̂leaf tissue)

Molecular weight (kDa)

Darjeeling

AV2 42.21 103.2,98.4, 85.2,57.2, 52.0,48.5, 37.2
BS 7A/1/76 34.64 103.6, 92.3, 85.2, 74.0, 68.0, 52.0, 48.5, 

39.3, 37.7,29.2, 28.2,27.2,26.8, 21.3
CP 1 44.26 103.8, 91.7, 85.2, 79.3, 48.5, 38.7, 37.3, 

31.1,28.9, 24.4,19.0
HV39 42.10 103.8,92.3, 85.2,60.2,48.5,28.0
P 1258 52.13 104.2,97.7, 85.2,48.5,28.2,15.6
RR17 49.21 104.5,95.5, 85.2,58.2,48.5,15.8
TS 449 44.25 103.4,91.7, 85.2,65.8,48.5, 15.6
T135 35.64 103.0, 93.7, 85.2,66.8, 58.2,48.5, 14.2
T 17/1/54 47.88 103.8,97.8,68.4, 85.2,48.5, 14.8
T78 54.21 104.3, 94.9, 85.2, 65.6, 58.0, 45.5, 28.0, 

15.2
UPASI

BSS 1 34.36 104.1,100.2, 85.2,66.2, 58.3, 48.5, 15.6
BSS2 38.26 103.0, 98.5, 89.5, 85.2, 80.7, 77.3, 66.2, 

48.5,
BSS 3 45.00 103.8,90.8, 85.2,66.2,48.5,28.9
U P2 35.25 104.8, 93.4, 85.2, 6 6 .6 , 58.5, 45.5, 28.6, 

19.6,15.6
UP3 41.50 103.8, 89.6, 85.2,66.2,
UPS 37.54 103.6, 89.4, 85.2,66.2,48.5, 19.6, 15.6
U P9 33.46 103.8, 94.4, 85.2,66.2,48.5, 19.6, 15.9
UP 17 43.25 104.2, 94.8, 85.2,66.2,48.2,28.6, 15.8
UP 26 41.05 103.9,90.0, 85.2,66.2, 63.5,19.0, 15.6

Tocklai

TV 9 32.00 96.3, 67.5,58.2,48.5,19.6, 15.6
TV 18 40.25 93.6, 65.9, 54.2,48.5,24.6, 19.0
TV 20 38.56 100.5,91.7, 79.3, 48.5, 15.6
TV 22 37.25 100.9, 89.6,48.5,19.0
TV 23 34.25 100.6, 93.7,48.5,28.6
TV 25 40.50 100.8,94.9,48.5
TV 26 39.50 89.9, 58.9,48.5, 28.6
TV 27 47.44 100.2, 66.5,48.5,28.6
TV 28 38.84 96.5,48.5
TV 29 37.75 100.1,68.2,58.6,48.5,28.6
TV 30 36.40 100.0, 96.8, 87.2, 78.5,48.5

Note: Proteins resolved in 10 % SDS-gels and molecular weights determined by 
Kodak EDAS 290 software
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4.6.2. Acid soluble protein (PR) determination in leaf homogenates

Acid soluble PR-proteins were extracted from thirty tea varieties at pH 2.8 and 

subjected to electrophoresis in SDS-polyacrylamide gels. Reproducible results were 

obtained by extracting leaf homogenates using acidic extraction buffer. Varietal 

differences were observed when the gel patterns were examined (Plate 23, figs. A & 

B). The most prominent bands had molecular weights of less than 28.0 kDa. 

Differences were observed in number of PR-proteins in the different varieties. The 

appearance of at least 6  proteins was observed in both susceptible and resistant lines 

with the main difference between protein patterns being quantitative in nature. 

PR-proteins of 14 and 28 kDa were detected in all varieties with equal prominence, 

while a 31 kDa protein band was detected almost all varieties though the intensity 

varied. A 45 KDa protein was only detected in AV-2, BS-7A/1/76 and TV-30 and 

bands of 50-61 kDa were resolved in fifteen varieties (AV-2, BS-7A/1/76, P-1258, 

RR-17, TS-449, T-17, BSS-2, BSS-3, UP-2, UP-8 , UP-9, TV-9, TV-18, TV-28 and 

TV-29) only. However bands in the range of 40-45 and 11-14 kDa protein were 

detected in all resistant and susceptible varieties. Slight variation was probably a 

reflection of genotypic differences as all plants were grown simultaneously under 

similar environmental conditions (Table 15).

4.6.2.I. PR-proteins in tea leaves following inoculation with E, vexans

It has already been established in the previous chapters that the infection 

process following artificial inoculation can be detected as early as 48 h. Keeping this 

in mind the plant material, for analysis of acid soluble PR-protein pattern, was 

harvested 0, 24 and 48 h after inoculation. SDS-PAGE analysis of proteins from 

susceptible plants (T-135, T-78, UP-9, TV-18 and CP-1) and resistant plants (T- 

17/1/54, BSS-3, TV-26, TV-30 and TV-29) was performed. Upon inoculation the 

induced plants accumulated more PR-proteins than the control plants, as shown in 

Plate 24, figs. A & B.
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Table 15. Protein profiling of acid soluble proteins present in intercellular fluids 
of different tea varieties

Variety Number 
of protein 
bands

Molecular weight (kDa)

Darjeeling

AV-2 09 61.8,45.2, 40.6, 37.2, 31.5,17.2,15.7, 14.0,13.6
BS-7A/1/76 07 61.2,45.4, 31.2,19.9,16.5,14.2,13.2,
CP-1 09 42.8, 39.5, 35.7, 31.7,26.5, 14.1,13.0,11.4, 10.9
HV-39 05 31.9,28.0,19.9, 14.5,12.7
P-1258 07 57.2,42.5, 36.5, 31.0,25.3,14.6,13.4
RR-17 07 51.6, 31.0,28.5, 22.3,20.4,14.9,13.3
TS-449 06 51.1,31.6,21.6,14.0, 13.1, 12.7
T-135 09 46.7, 38.8, 33.6, 31.8,19.3, 15.0,14.3,12.8, 11.2
T-17/1/54 09 54.4, 31.4,23.1, 19.7,16.2, 15.0,14.8, 13.0,10.3
T-78 09 40.1,39.5, 36.0,31.3,28.7, 16.9,14.7, 12.8,11.6

UPASI
BSS-1 1 2 48.5,41.4, 31.0,29.2,25.3,22.6,18.9, 16.9,15.5, 

14.0, 11.7,11.4
BSS-2 13 58.0, 36.9, 31.9, 29.2, 22.9,20.7,19.8, 17.5,16.0, 

14.8, 13.6,12.1,11.9
BSS-3 08 53.0,31.9,27.5,21.4,14.4, 13.0,11.5, 10.9
UP-2 08 57.3,49.8, 31.6,28.3,21.7,14.5,13.2,11.9
UP-3 08 39.6, 31.3, 27.9,22.6,18.9,14.6, 12.9,12.3
UP- 8 06 50.3,31.3, 28.9,19.3,14.8,13.3
UP-9 06 59.9,31.6, 28.7, 19.4,15.0,14.0,
UP-17 09 39.3, 31.0, 28.6,19.8, 19.0,18.7,18.3,14.0, 13.2
UP-26 08 47.3, 32.7, 27.8, 19.3, 16.1, 14.2,13.2, 11.6

Tocklai

TV-9 08 53.5, 43.9, 31.4, 28.6, 22.0, 15.3, 14.7, 13.4
TV-18 08 53.2,41.2, 31.5,28.1,20.0,14.2, 12.6,12.1
TV-20 1 1 43.8, 39.6, 35.7, 31.7,19.3,14.3, 13.4, 11.7
TV-22 07 44.1,31.6,28.0,19.2,16.1,14.1, 13.5
TV-23 1 0 43.1, 38.8, 33.6, 31.8, 28.3,19.3, 18.8, 14.3, 13.3, 

12.4
TV-25 15 40.1, 39.6, 36.0, 31.3,28.7, 27.9, 19.4, 19.2, 18.9, 

15.5, 14.0, 13.8, 13.4,12.2,11.2
TV-26 06 44.8,31.6, 28.3,19.5, 14.6,12.5
TV-27 07 31.0, 40.2, 28.1, 33.8, 20.0, 14.2, 12.3
TV-28 09 52.0,40.4, 31.3, 28.0,20.3, 14.6, 13.7,13.2, 12.3
TV-29 08 51.5, 31.0,28.4,20.5,19.0,14.3,13.0, 8.9
TV-30 13 45.1, 39.8, 36.8, 34.5, 31.3,29.0, 25.4, 22.3, 19.5, 

16.6, 14.9, 13.5, 11.9

Note-. Proteins resolved in 10 % SDS-gels and molecular weights determined by 
Kodak EDAS 290 software
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Plate 23. SDS-PAGE analysis and EDAS profiles of acid soluble leaf proteins 
of tea varieties. [M- molecular marker, 1- TV-18, 2- TV-26, 3- TV-27, 
4- T-78, 5- T-135, 6- CP-1, 7- TV-26, 8-UP-2, 9- TS-449, 10- BSS-3, 
ll-T-17/1/54,12-TV-9.1
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Plate 24 (figs. A & B). SDS-PAGE analysis and EDAS profiles of acid soluble 
leaf proteins of resistant tea varieties T-17/1/54 (A) and BSS-3 (B). [M- molecular 
marker, H- healthy, HP- Healthy profile. I- Inoculated with E. vexans, 
IP- Inoculated profile]
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Proteins were detected in all treated material at 0 h but by 48 h had declined 

and were barely detected in the inoculated plants of susceptible varieties however the 

loss of protein bands was not so significant in resistant varieties. Appearance of new 

bands in the infected leaves of all varieties was observed 24 h after inoculation. The 

quantity of the PR-proteins accumulating was also variety and time dependent. 

Differences in number of bands was also observed among the control and inoculated 

plants. As shown in Plate 24, figs. A & B nine major protein bands were detected in 

extracts of E. vexans- inoculated plants 24 h after inoculation where two bands of 42 

and 14 kDa were unique to inoculated plants. In contrast, protein bands in control 

tissues were fewer and progressively less intense as the symptoms appeared. However 

the major PR-proteins with low molecular weight decreased in quantity considerably. 

Hence, the electrophoretic pattern of the acidic protein extracts from tea leaves 

changed following inoculation with E. vexans where some bands disappeared, some 

bands increased in size and new proteins became visible. This was the case in both the 

resistant (T-17/1/54, TV-26, TV-29, BSS-3 and TV 30) and susceptible varieties (T- 

135, UP-9 and TV-18). Stronger signals for PR-proteins in the compatible reaction of 

the susceptible varieties than in the incompatible reaction were observed (Table 16).

Table 16. Protein profiling of acid soluble proteins present in healthy and 
E. vexans inoculated tea leaves

Variety Protein molecular weight (kDa)
Healthy Artificially inoculated with 

E. vexans

TV-26 44.8,31.6,28.3,14.6, 12.5 45.2, 31.6, 28.3, 20.1, 14.6, 
12.5

T-78 40.1, 39.5, 36.0, 34.3, 28.7, 
1 2 . 8

40.1,39.5, 34.3

TV-29 51.5,31.0,28.4, 19.0,14.3, 50.6, 45.6, 31.0, 28.4, 30.5,
13.0, 8.9 20.5, 19.0,14.3,13.0, 8.9

UP-9 65.6,43.6,28.7,19.4, 15.0 65.6, 28.7, 15.0

TV-18 53.2,41.2,35.5,20.0, 12.6, 
1 2 . 1

35.5,20.0,12.6. 12.1

TV-30 84.3,78.5,45.1,39.8, 36.8, 45.5,39.8, 36.8, 34.5, 30.3,
34.5, 30.3,29.0, 25.4, 22.3, 29.0,25.4,22.3, 16.6,13.5,
19.9,16.6, 13.5,11.9, 11.9,
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4.6.2.2. In vitro antifungal assay of acid soluble PR-proteins

In vitro antifiingal assay of acid soluble PR-proteins were performed using 

spore germination bioassay method. Spores of E. vexans were suspended at a density 

of 1.6 X 10̂  spores ml ' in sterile water. The protein solutions (40 îl) were filter 

sterilized and added to the slides followed by incubation for 16-20 h at 25 ±2 °C in 

the dark and provided 100 % humidity. Germination of the spores was examined. 

Basidiospores in sterile distilled water and in buffer solutions, that was included as 

controls, revealed germination with germ tube or appressorium formation. Analysis of 

the antifungal activity of the protein fractions revealed complete inhibition of growth 

of E. vexans (Table 17). The protein solutions could be diluted substantially without 

losing fungicidal activity but in lower dilutions inhibition percentage was lesser.

Table 17. Bioassay of acid soluble PR-proteins against vexans

Treatm ent Spore germination 
(%)

Germ tube 
length 
C^m)

Appressoria 
formation (%)

Water control 8 8 . 6 941.0 95
Buffer control® 56.8 665.9 83

T-17/1/54 0 0 0

Healthy
Inoculated’’

6.4 46.14 0

TV-18 2.5 2 1 . 2 0

Healthy
Lioculated'’

8 . 2 45.0 0

Note: ® 0.1 M sodium-citrate buflfer pH 2.8; E. vexans'. Results are average of 5 
experiments and were taken after 24 h o f inoculation
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4.7. Association of defense enzymes in tea leaves triggered by

E. vexans during disease development

Development of disease symptoms is the exception rather than the rule, the 

exception can be costly, particularly when agriculturally important plants succumb to 

pathogen infection. Central to the survival of higher plants has been their ability to 

evolve an array of defense strategies against microbial attack. One of these is the 

induction and accumulation of the PR group of proteins. Perhaps the most extensively 

studied of the many known PR-proteins are the chitinases (CHT) and P-1,3- 

glucanases (PGLU) of the PR-3 and PR-2 families respectively due to their antifimgal 

property; nevertheless studies on plant peroxidases (POX) of the PR-9 family have 

also been carried out at length, hi the present study, activities of these three PR- 

proteins (PR-2, -3 and -9) have been assayed from naturally blister-infected tea leaves 

(susceptible - S) as well as leaves showing hypersensitive reaction (resistant - R). 

Disease free leaves have been considered as control (H). The enzymes analyzed from 

three different stages of infection (SI, S2 and S3), have been compared with disease 

severity expressed as percentage infection (PI).

4.7.1. Chitinase

Healthy, blister infected (of all three stages of infection SI-S3) and leaves 

exhibiting hypersensitive reactions were collected from three different tea estates 

including two of the hills (Margaret’s Hope and Castleton) and one of plains 

(Hansqua). Percentage infection of the infected leaves was recorded and activity of 

chitinase was assayed.

Chitinase activity was always found to be lower in the compatible interactions in 

comparison to resistant and healthy ones (Table 18). Highest accumulation was seen 

in the disease free leaf samples collected from tea bushes which have acquired 

immunity towards environmental stress(es) as well as the leaves showing 

hypersensitive reaction against the pathogen (E. vexans) attack resulting in 

incompatibility with the pathogen. Chitinase activity in healthy samples obtained
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from gardens of the plains was slightly higher than that of the hills. Activity of the 

enzyme significantly declined with an increase in disease severity that again gradually 

increased in the resistant interactions, as illustrated in Figure 5 A.

Table 18. Association of the defense enzyme chitinase (PR-3) in tea leaves 
triggered by E. vexans during natural disease development

Tea Estate Stages Chitinase activity 

(mg GlcNAc 

g * leaf tissue h'*)

Percentage

infection

(%)

Margaret’s Hope ® H 0.675 ± 0.07 0 0 . 0

SI 0.448 ± 0.07 1 0 . 1

S2 0.346 ± 0.08 43.5

S3 0.125 ±0.07 77.5

R 0.688 ±0.05 1 . 0

Castleton ^ H 0.720 ±0.01 0 0 . 0

SI 0.558 ±0.08 1 0 . 2

S2 0.275 ± 0.09 40.8

S3 0.132 ±0.08 92.2

R 0.619 ±0.07 1 . 2

Hansqua H 0.735 ± 0.06 0 0 . 0

SI 0.512 ±0.07 11.5

S2 0.225 ± 0.05 35.5

S3 0.152 ±0.04 78.5

R 0.710 ±0.07 0.9

Note: ®hills, plains; H- Healthy, S- infected (SI- initial, S2- moderate and S3- severe 
infection) and R - leaves exhibiting hypersensitive reaction,

4.7.2. P-l,3-gIucanase

(3-1,3-glucanase activity was consistently high in disease free leaf samples of 

all gardens with an abrupt increase in the enzyme activity in the initial stages of 

infection and decreased activity as the disease developed (Table 19) as well as in 

resistant reactions (Figure 5 B).
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Figure 5 (A - C). Accumulation of defense enzymes in tea leaves triggered by 
E. vexans at different stages of disease development under natural conditions. 
[A] Chitinase, [B] (3-1,3-glucanase, [C] Peroxidase. H- healthy; SI, S2, S3- Stages 
of infection; R- Hypersensitive reaction.
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Table 19. Association of the defense enzyme p-l,3 -glucanase (PR-2) in tea leaves
triggered by E. vexans during natural disease development

Tea Estate Stages

g

p-l,3-glucanase 

activity 

(|xg Glucose 

leaf tissue min’̂ )

Percentage

infection

(%)

Margaret’s Hope H 31.25 ±4.2 0 0 . 0

SI 62.58 ±4.0 1 0 . 1

S2 20.35 ± 2.4 43.5

S3 12.75 ±3.7 77.5

R 26.55 ±1.2 1 . 0

Castleton H 39.90 ± 5.2 0 0 . 0

SI 70.54 ± 2.3 1 0 . 2

S2 22.65 ±4.1 40.8

S3 15.65 ±2.1 92.2

R 28.33 ±1.2 1 . 2

Hansqua H 30.45 ± 2.3 0 0 . 0

SI 6 8 . 8 8  ± 4.6 11.5

S2 29.35 ± 2.3 35.5

S3 14.05 ± 4.4 78.5

R 21.85 ±3.2 0.9

Note: “hills, plains; H- Healthy, S- infected (SI- initial, S2- moderate and S3- severe 
infection) and R- leaves exhibiting hypersensitive reaction.^S.£.

4.7.3. Peroxidase

Peroxidase activity was also measured in healthy, infected and leaves 

exhibiting hypersensitive reactions against E. vexans under field conditions (Table 

20). The enzyme activity was measured throughout the course of infection and 

significant changes were observed. The peroxidase activity displayed a constant 

increase during the stages of infection and the values obtained for the different stages 

of infection were always higher than that of healthy samples. Of major significance 

was the increase in enzyme activity in resistant samples (Figure 5 C). Enzyme activity
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was about thrice of that obtained for healthy samples,' . Such higher peroxidase 

activities may be correlated with greater resistance.

Table 20. Association of the defense enzyme peroxidase (PR-9) in tea leaves 
triggered by E. vexans during natural disease development

Tea Estate Stages Peroxidase activity 

(A A460nm 

g‘̂  leaf tissue min'^)

Percentage

infection

(%)

Margaret’s Hope H 4.44 ± 0.6 0 0 . 0

SI 7.05 ± 0.5 1 0 . 1

S2 9.85 ± 0.8 43.5

S3 13.59 ±0.4 77.5

R 20.15 ±0.5 1 . 0

Castleton H 5.84 ±0.7 0 0 . 0

SI 8.61 ±0.7 1 0 . 2

S2 1 1 . 2 2  ± 0 . 0 40.8

S3 14.56 ±0.4 92.2

R 19.58 ±0.1 1 . 2

Hansqua H 5.02 ± 0.6 0 0 . 0

SI 7.95 ± 0.8 11.5

S2 10.50 ±0.4 35.5

S3 15.65 ±0.3 78.5

R 22.50 ± 0.9 0.9

Note: ® hills, *’ plains; H- Healthy, S- infected (SI- initial, S2- moderate and S3-
severe infection) and R- leaves exhibiting hypersensitive reaction, t s  E.

4.7.3.1. Isozymes of peroxidase

Isozymes of peroxidase are present in plants including tea. The isozyme 

pattern was revealed on native polyacrylamide gel electrophoresis. Staining of 

peroxidase on native PAGE gels with benzidine as the hydrogen donor demonstrated 

the existence of isoforms in healthy as well as infected and resistant samples. Few 

isozymes were constitutively present in healthy leaves. Essentially, they were induced 

or at least further increased in concentration after infection with E. vexans. Samples
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collected from all three tea gardens showed differing adaptability. Relative mobility 

(Rm) values of the peroxizymes have been recorded in Table 21. PAGE analyses of 

the enzyme extracted from leaves of Castleton revealed isozymes of Rm 0.25 and Rm 

0.77 in all interactions. Two new isozymes of Rn, 0.125 and R^ 0.67 were visualized 

in compatible interactions and that of Rm 0.44 in resistant interactions only (Plate 25, 

fig. A) isozymes. Similarly in samples of Margaret’s Hope and Hansqua an additional 

peroxizyme of Rm 0.44 appeared when the leaves had completely overcome the 

infection. A faint isozyme of Rm 0.67 was seen in all samples of Margaret’s Hope.

Table 21. Relative mobility values of isozymes of peroxidase in tea leaves 
triggered by E. vexans during natural disease development

Tea Estate Isozyme Relative Healthy Stages of infection Resistant

number mobility leaves SI S2 S3 leaves'

Margaret’s Hope ® 1 0.25 + - - + +

2 0.44 + - - - +

3 0.67 - - - - -

Castelton ® 1 0.125 - - - + -

2 0.25 + + + + +

3 0.44 - - - - +

4 0.67 - - - + -

5 0.77 + + + + +

Hansqua 1 0.25 + + + + +

2 0.44 - - - - +

Note: “ hills, *’ plains; SI- initial, S2- moderate and S3- severe infection,  ̂ leaves 
exhibiting hypersensitive reaction; (+) Deep band
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4.8. Time course accumulation of defense enzymes in tea varieties

following inoculation with E. vexans

Resistance to disease in plants is associated with inducible compounds, which 

may function in defense against disease. Characteristic pathogenesis-related proteins 

(PR-proteins) accumulate in plant cells responding to pathogen attack. In the 

preceding chapter we observed that their accumulation is not restricted to non

infected plants but is often observed in compatible plant-pathogen interactions as 

well. Timing and magnitude of PR-protein induction differs, which is important for a 

successful defense reaction. Therefore, as time course studies may reveal important 

differences in accumulation of defense enzymes such experiments were performed. 

Activity of the defense enzymes chitmase, P-l,3-glucanase, peroxidase upon artificial 

inoculation with E. vexans under controlled conditions was recorded for eighteen 

varieties (AV-2, BS-7A/1/76, RR-17, TS-449, T-17/1/54, T-78, BSS-1, BSS-3, UP-9, 

UP-17, UP-26, TV-18, TV-20, TV-22, TV-23, TV-26, TV-29 and TV-30). Control 

plants were also maintained under identical conditions.

4.8.1. Chitinase

Chitinase activity was measured in leaf extracts of control and E. vexans- 

inoculated tea plants of resistant (BS-7A/1/76, T-17/1/54, BSS-1, BSS-3, TV-20, TV- 

26, TV-29 and TV-30) and susceptible varieties (AV-2, RR-17, TS-449, T-78, UP-9, 

UP-17, UP-26, TV-18, TV-22 and TV-23) after 0, 24, 48, and 72 h of inoculation 

with E. vexans. Chitinase activity significantly increased after inoculation with 

E. vexans. The enzyme activity was higher after inoculation in both resistant and 

susceptible varieties. However increase in enzyme activity was much steeper in the 

resistant lines with highest levels in the order (BS-7A/1/76, T-17/1/54, TV-26, TV-30, 

TV-29, BSS-1 and BSS-3). This difference between the two lines widened and 

reached a maximum level 24 h of inoculation. Further comparison showed a gradual 

decline with time in the resistant lines whereas the decline in enzyme activity was 

rapid in susceptible ones. Despite fall in the activity, chitinase levels were still higher 

in the inoculated plants than their respective controls (Table 22, Figures 6  A & B). It 

was seen that the chitinase activity was more or less constant at the control value
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throughout the study. On the other hand the enzyme activity always displayed an 

mcrease within 24 h post inoculation (Figure 7 A) and gradually declined thereafter 

up to 72 h. However even after 72 h, though low, chitinase activity was still higher in 

inoculated plants than controls.

Table 22. Association of the defense enzyme chitinase (PR-3) in tea leaves triggered by artificial 
inoculation with E. vexans

Variety Chitinase activity (mg GlcNAc g'* leaf tissue h‘‘)

Hours after inoculation
24 48 72

C Inoc C Inoc C Inoc C Inoc
BS-7A/1/76 0.256 0.26 0.221 1.282 0.232 0.961 0.241 0.693

±0.09 ±0.05 ±0.07 ±0.02 ±0.09 ±0.08 ±0.07 ±0.04
BSS-1 0.148 0.151 0.149 0.681 0.151 0.404 0.143 0.321

±0.03 ±0.03 ±0.01 ±0.04 ±0.08 ±0.09 ±0.03 ±0.02
BSS-3 0.152 0.155 0.158 0.671 0.159 0.471 0.160 0.381

±0.03 ±0.05 ±0.03 ±0.01 ±0.03 ±0.08 ±0.09 ±0.09
UP-26 0.147 0.149 0.154 0.662 0.160 0.490 0.153 0.298

±0.07 ±0.09 ±0.09 ±0.09 ±0.08 ±0.02 ±0.07 ±0.03
TV-20 0.188 0.189 0.185 1.014 0.191 0.802 0.184 0.628

±0.05 ±0.01 ±0.05 ±0.07 ±0.05 ±0.08 ±0.05 ±0.05
TV-22 0.212 0.231 0.221 0.620 0.224 0.472 0.230 0.301

±0.04 ±0.08 ±0.07 ±0.03 ±0.05 ±0.03 ±0.04 ±0.04
TV-26 0.189 0.190 0.178 0.971 0.177 0.711 0.170 0.600

±0.05 ±0.04 ±0.08 ±0.08 ±0.04 ±0.06 ±0.07 ±0.03
TV-29 0.197 0.198 0.195 0.891 0.186 0.603 0.181 0.492

±0.05 ±0.08 ±0.07 ±0.06 ±0.07 ±0.05 ±0.06 ±0.07
TV-30 0.238 0.249 0.241 1.111 0.223 0.814 0.233 0.721

±0.03 ±0.02 ±0.01 ±0.02 ±0.01 ±0.08 ±0.09 ±0.05
*The results presented are the means calculated for five experiments, ts .e .

Hence, chitinase enzyme assayed in the extracts from leaves of inoculated 

(with E. vexans) tea plants showed that chitinase was strongly stimulated by infection. 

In contrast, chitinase activity remained at low levels in healthy controls. In leaves at 

24 h after inoculation induction of chitinase was similar in compatible and 

incompatible interactions. As compared to the compatible interactions, chitinase 

activity was higher in incompatible ones.

4.8.2. P-l,3-glucanase

p-l,3-glucanase activity was measured in leaf extracts of control and E. vexans- 

inoculated tea plants of resistant (BS-7A/1/76, T-17/1/54, BSS-1, BSS-3, TV-20, 

TV-26, TV-29 and TV-30) and susceptible varieties (AV-2, RR-17, TS-449, T-78,
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UP-9, UP-17, UP-26, TV-18, TV-22 and TV-23) after 0, 24, 48, and 72 h of 

inoculation with E. vexans. P-l,3-glucanase activity in the resistant and susceptible 

tea plants was influenced by inoculation with E. vexans and displayed a peak rise 

within 24 h post inoculation (Table 23). The values obtained for the resistant varieties 

show a rapid rise in the p-l,3-glucanase activity in comparison to susceptible ones 

(Figures 6  C and D). Enzyme activity started to increase within 24 h of inoculation 

and was maximum at this time interval (Figure 7 B). Inoculated resistant varieties 

showed higher levels o f the enzyme in comparison to inoculated susceptible ones. 

After 24 h the enzyme activity gradually decreased in all varieties, which continued 

till 48 h. Interestingly, though not so significant, the activity of p-l,3-glucanase in the 

inoculated plants had a tendency to slightly increase (72 h) after a fall in peak value 

(24 h). Further comparison showed that the resistant inoculated plants attained the 

same level o f enzyme after 48 h, as that attained by susceptible varieties after 24 h. 

Susceptible varieties showed a faster decline in enzyme activity whereas resistant 

varieties still maintained much higher levels. The enzyme activities of both resistant 

and susceptible varieties following inoculation were higher than their respective 

controls throughout.

4.8.3 Peroxidase

Time course accumulation of peroxidase enzyme in susceptible (AV-2, 

RR-17, TS-449, T-78, UP-9, UP-17, UP-26, TV-18, TV-22 and TV-23) and resistant 

varieties (BS-7A/1/76, T-17/1/54, BSS-1, BSS-3, TV-20, TV-26, TV-29 and TV-30) 

upon inoculation with E. vexans was determined. During interaction between 

susceptible or resistant hosts peroxidase activity increased markedly in resistant 

varieties 48 h after inoculation. In the susceptible varieties increase in peroxidase 

activity could be detected after 48 h of inoculation to a lesser extent. In general, 

peroxidase activity in incompatible interactions was about two-fold of that in 

compatible interactions (Figure 6  E and F). The peroxidase activity levels in response 

to E. vexans infection rapidly increased from 24 - 48 h post inoculation. The trend 

was the same in resistant and susceptible varieties except for level of enhancement of 

enzyme activity (Table 24). The highest levels of the enzyme were obtained 48 h after 

inoculation, which was higher in all resistant-inoculated varieties than the susceptible- 

inoculated plants (Figure 7 C). Peroxidase activity was consistently higher in 

inoculated leaves as to compared healthy controls.
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Chitinase (PR-3)

T-78 AV-2 UP-9 UP-17 TS-449 TV-23 

Varieties

TV-26 TV-30 RR-17

□  Control □  Inoculated |

^-1,3-glucanase (PR-2)
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Peroxidase (PR-9)

©

Varieties
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Figure 7 (A-C). Accumulation of PR-proteins in tea varieties 24 h [A & B] and 
48 h [C] following inoculation with E. vexans [A] PR-3, [B] PR-2, [C] PR-9.
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Table 23. Association of the defense enzyme p-l^-glucanase (PR-2) in tea leaves 
triggered by artificial inoculation with E. vexans

V ariety |3 -1 3 -g lu c a n ^ e  activity (^g G lucose g' lea f tissue m in' ) ’*

Inoc

H ours after  inoculation  
24 48

C Inoc C Inoc
72

Inoc
BS-7A/1/76

BSS-1

BSS-3

UP-26

TV-20

TV-22

TV-26

TV-29

TV-30

34.2 
± 2.6
30.3 
± 1.9
29.4 
± 1.1
29.7 
±1 .3
41.2 
± 1.6 
37.9 
± 2.8
40.2 
± 1.3
39.8 
± 1 .4
36.5 
±2 .3

36.2 
± 1.6
31.2 
± 1.3
30.4 
± 2.3
29.1 
± 1 .5
40.5 
± 2 .4
38.2 
± 1.7
41.7 
± 1.0
40.7 
± 2.8 
37.1 
± 1 .4

32.1 
± 1.8 
32.9 
± 1.7
30.7 
± 1.6
28.4 
± 1 .5
41.4 
± 3 .5
39.2 
± 1.0
41.5 
± 1.0
40.8 
± 2 .4  
36.0 
± 1.6

81.2 
± 1.5 
59.9 
± 1.0
55.3 
± 2.8 
47.5 
± 2 .4
78.7 
± 3 .5
57.8 
± 1.7
99.3 
± 3 .4  
82.7 
± 3 .5
85.4 
±2 .3

36.1 
± 2 .7
30.6 
± 2.8
29.8 
± 1.1
28.7 
± 1 .5
39.9 
± 1.3 
38.4 
± 1.6 
41.0 
± 1.8 
39.6 
± 1.2
37.2 
± 1.0

46.3
±3 .5
40.6 
± 1.5
35.1 
± 1.0
38.2 
± 2 .4
47.8 
± 1.1
40.7 
± 1.2
51.9 
± 1.6
47.2 
± 2 .7
44.7 
± 1.1

32.8 
± 1.1 
31.4 
± 1 .3  
29.7 
± 1.6
29.6 
± 2.8
41.3 
± 3 .5
39.3 
± 1 .3
41.7 
± 1 .3
40.8 
± 2.8 
36.1 
± 2.1

54.2 
± 1.9
39.7 
± 1.7
30.1 
± 1.3
32.8 
± 1.3
49.9 
± 1.4 
47.8 
± 1.0
44.2 
± 2 .7  
41.7 
± 1.1 
40.0 
± 1.0

*The results presented are the means calculated for five experiments. ■

Table 24. Association of the defense enzyme peroxidase (PR-9) in tea leaves 
triggered by artificial inoculation with E. vexans

V a rie ty P eroxidase activity (A A 460nm  g'' lea f tissue h’’)*

H ours after  inoculation  
24 48 72

C Inoc C Inoc C Inoc C Inoc
BS-7Ayi/76 3.54 3.41 3.61 10.52 3.42 15.21 3.37 8.52

±0.1 ±0 .5 ± 0 .6 ±0.1 ±0.3 ±0.1 ±0.1 ± 0 .8
BSS-1 3.75 3.69 3.71 9.21 3.68 13.82 3.69 7.71

±0.1 ± 0 .5 ±0 .4 ± 0 .2 ±0 .4 ±0 .5 ± 0 .4 ± 0 .2
BSS-3 4.21 4.19 4.21 7.37 4.23 15.61 4.29 6.32

± 0 .6 ± 0 .6 ± 0 .2 ± 0 .4 ± 0 .6 ±0 .2 ± 0 .3 ± 0 .6
UP-26 4.40 4.52 4.44 10.48 4.58 7.77 4.52 5.10

± 0 .4 ± 0 .4 ±0.1 ± 0 .5 ± 0 .3 ±0 .4 ± 0 .5 ± 0 .2
TV-20 3.96 3.91 3.89 9.87 3.83 14.70 3.91 6.27

±0.1 ± 0 .6 ±0 .5 ± 0 .2 ±0 .5 ±0 .8 ± 0 .5 ±0.1
TV-22 4.28 4.30 4.27 10.71 4.31 9.28 4.29 5.19

± 0 .3 ± 0 .6 ± 0 .5 ±0.1 ± 0 .5 ±0.3 ± 0 .4 ± 0 .8
TV-26 4.32 4.40 4.41 10.00 4.43 16.84 4.42 5.22

±0.1 ± 0 .5 ± 0 .4 ± 0 .8 ± 0 .5 ± 0 .9 ± 0 .5 ± 0 .9
TV-29 4.46 4.49 4.52 11.29 4.55 21.34 4.52 11.28

±0 .3 ± 0 .2 ±0.1 ±0.1 ± 0 .2 ± 0 .6 ± 0 .8 ± 0 .5
TV-30 4.48 4.50 4.43 12.5 4.45 18.92 4.45 10.36

± 0 .2 ±0 .3 ± 0 .6 ±0 .3 ±0 .8 ±0 .5 ± 0 .9 ± 0 .9

Note: *The results presented are the means calculated for five experiments, £ ■
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4.8.3.I. Isozymes of peroxidase

Existence of isoforms of peroxidase was observed during natural disease 

development. Similarly, peroxidase enzyme extracts of control and inoculated tea 

plants also revealed presence of isozymes in native PAGE gels. It was also observed 

that peroxizymes were constitutively present in healthy leaves. Upon artificial 

inoculation of the different varieties (T-17/1/54, BSS-3 and TV-18) few isozymes 

were induced and few increased in concentration. Relative mobility (Rm) values of the 

peroxizymes have been recorded in Table 25.

Table 25. Relative mobility values of isozymes of peroxidase in tea leaves after 
artificial inoculation with E. vexans

Variety Time after inoculation (h)
24 48 

H I H I
T-17/1/54 - - - 0.125

0.250 0.250 0.250 0.250
- 0.450 - 0.450
- 0.670 - 0.670

0.750 0.750 0.750 0.750
BSS-3 - - - 0.125

0.250 0.250 0.250 0.250
- 0.450 - 0.450
- - - 0.670

0.750 0.750 - -

TV-18 - - - 0.125
0.250 0.250 0.250 0.250

- 0.450 - 0.450
- - - 0.670
- - - 0.750

PAGE analyses of the isoperoxidases extracted from leaves inoculated with 

E. vexans as well as healthy control revealed a common isozyme of Rm 0.25 in all 

varieties. Another isozyme of Rm 0.75 was consistent in  Darjeeling resistant variety 

(T-17/1/54) in all interactions. However, the band of Rm 0.75 was observed in the 

UPASI moderately resistant variety also (BSS-3), in both compatible and 

incompatible interactions up to 24 h of inoculation which disappeared with time. 

Interestingly, this band of R„, 0.75 appeared in the inoculated extracts after 48 h.



Plate 25 (figs. A - E). Peroxidase isozyme analysis of tea plants triggered 
by E. vexans [A - C] and in vitro antifungal bioassay of PR-proteins against 
E. vexans [D & E]. Natural infection [A], artificial inoculation [B & C 
Distilled water control [D], PR-3 treated [E].



136

Two new isozymes one of Rn, 0.45 appeared in all inoculated extracts within 

24 h and was persistent up to 48 h, while the isozyme of Rn, 0.67 appeared in the 

resistant variety (T-17/1/54) after 24-48 h, in the moderately resistant (BSS-3) and 

susceptible (TV-18) varieties it appeared only after 48 h o f inoculation with 

E. vexans. However, the isozyme Rm 0.67 was more intense in the moderately 

resistant inoculated variety than the susceptible inoculated one (Plate 25, figs. B & C).

On the whole it was seen that following artificial inoculation, inoculated plants 

showed better responses in comparison to control. Chitinase and p-l,3-glucanase 

appear as the first set of defense enzymes followed by peroxidase.

4.8.4. In  vitro antifungal activity of chitinase and p-l,3-glucanase

The effects o f purified chitinases and P-l,3-glucanases on the germination of 

E. vexans were assayed in order to verify whether these extracts were inhibitory to 

E. vexans by spore germination bioassay. Spore suspensions were added to purified 

chitinase and p-l,3-glucanase extracts (crude, 10'* and 10'^). A spore was considered 

germinated when its gemi tube was twice its length, with or without appressoria. 

Chitinase significantly inhibited spore germination (Plate 25, fig. E) in relation to 

control (Plate 25, fig. D) but p-l,3-glucanase did not inhibit germination (Table 26). 

However, complete inhibition of spore germination was observed in solutions 

containing equal concentrations of chitinase and P-l,3-glucanase (1:1). Lysis of 

hyphal tips and reduced appressoria formation were observed in solutions containing 

a mixture (1:2) of chitinase and p-l,3-glucanase. These tests confirmed the antifiingal 

activity o f the enzyme extracts. The extracts were sterile filtered before use.

The effects of purified chitinase on the mycelial growth of G. cingulata was 

also analyzed by the microtitre dish assay. After solidification of the Czapek Dox 

broth added to the wells of a microtitre plate spore suspensions of G. cingulata were 

added to each well and the spores were allowed to germinate at 22 °C in the dark. 

Twelve hours later purified chitinase and p-l,3-glucanase and intercellular wash 

fluids from inoculated (with E. vexans) and control plants were added to the wells. 

Buffer containing denatured enzyme was used as an additional control.
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Table 26. In vitro antifungal activity of purified PR-proteins of tea triggered by
E. vexans

Treatment Spore
germination

Inhibition 
in spore 

germination 
(%)

Appressoria
Formation

(%)

Inhibition
in

appressoria
formation

{O/

Water control 
Buffer control

Chitinase *
10'

1 0
r2

P-l,3-glucanase *
1 0

10

C H I +PGLU(1:2)* 
CHT +PGLU(1:1)*

82.7
62.3

1.6
13.1 
26.9

46.3
50.2
55.8

3.6
0

24.6"

97.4 
78.9' 
56.8

25.6'
19.4'
10.4

##
I##
MU

##

##

94.2'
100'

##

94.5
80.5

3.5
4.2

45.0

50.2
58.1 
62.8

(lysis)
0

14.8"

95.6'
94.8 
44.0'

37.2'
27.8
21.9

uu
,u#

100
100

Note: * Crude enzyme; Values indicate percentages of inhibition against water 
control; * * Values indicate percentages o f inhibition against buffer (0.1 M sodium- 
citrate buffer pH 5.2) control; Results are average of 5 experiments and were taken 
after 24 h of incubation

Chitinase had antifungal activity and 50 % reduction of growth was observed. 

The intercellular fluids (ICF) from control and induced plants did not have antifungal 

activity. Concentrated ICF (3x) also did not have antifungal activity. However 

antifungal activity was obtained after adding purified chitinase and p-l,3-glucanase to 

the ICF. To verify the synergistic effect, the purified PR-proteins were also tested 

using the agar-cup bioassay technique. The purified fractions of chitinase and P-1,3- 

glucanase were added in combination (1:1) to the agar cups. Mycelial blocks of C. 

pallescens were placed at equidistance from the wells and observed until full growth 

was attained in PDA control sets. Antifungal activity of the PR-proteins was 

confirmed since growth of the test fungus was totally inhibited.
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4.9. Evaluation of PAbs raised against chitinase (PR-3) and 

p-l,3-glucanase (PR-2)

Immxmological techniques have become indispensable tools for the rapid 

purification, visualization, and quantification of proteins. Immunoassays including 

PTA-ELISA, Dot blot, Western blot and Indirect immunofluorescence were 

developed and optimized with PAbs raised against purified chitinase (PAb-CHT) and 

P-l,3-glucanase (PAb-|3GHJ).

4.9.1. Immunodiffusion

Polyclonal antibodies (PAbs) were raised in rabbits against purified chitinase 

(PR-3) and p-l,3-glucanase (PR-2) as described previously and these were used in 

various immvinological formats. For each antigen source normal sera were collected 

before immunization. The effectiveness of the purified chitinase as well as P-1,3- 

glucanase antigen in raising PAbs were checked by homologous cross reaction 

following agar gel double diffusion tests. Control sets involving normal sera and 

chitinase were all negative. Strong precipitin bands occurred when PAb-CHT and 

PAb-GLU were reacted separately with it’s own antigen (Plate 26, fig. A & B). The 

titre values of PAbs were checked after each bleeding and only those showing strong 

precipitin bands were used for subsequent immunoassays.

4.9.2. PTA-ELISA

Optimization of ELISA was done by considering two variables i.e., 

concentration of the antigen and concentration of the PAb. Reactions were done with 

PAb-CHT and PAb-pOLU after different bleedings. Enzyme concentration was 

1:10,000 [Goat antirabbit IgG (whole molecule) alkaline phosphatase conjugate] 

while substrate (p-Nitrophenyl phosphate) was used at a concentration of 10 mg ml'*. 

The substrate reaction was terminated after 60 min and absorbance values were means 

of five adjacent wells measured at 405nm.
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B

T-78 BS -7A/1/76 AV-2 TS-449 HV-39 Ha

D
BS-7A/1/76 TS^9 HV-39

Plate 26 (figs. A - F). Immunoassays: Immunodiffusion [A & B], 
Immunobinding assay [C&D] of defense enzymes and Indirect 
immunofluorescence [E & F] oiE.vexans with PAbs raised against chitinase 
B,C & E] and P-1,3-glucanase [A, D & F]; homologous antigen [ 1 - 6 & Ha], 

PAbs [7].



Different concentrations of IgG (ranging from 0.312-40 ^g ml ') from PAb- 

CHT and (3GLU were tested against homologous antigens at a concentration of 10 ^g 

m r‘. Absorbance values in PTA-ELISA increased with increase in concentration of 

IgG with a maximum in 40 |ig ml"' IgG concentration (Figure 8  A). This 

concentration of IgG was selected for further experiments. Antigen concentrations 

ranging from 0.156-20 ^g ml*' were tested against PAb-CHT at a 40 |ig ml’' 

concentration of IgG. Results (Figure 8  B) revealed that ELISA values increased with 

the increase of antigen concentration. However antigen concentrations as low as 0.156 

^g ml'' could also be specifically detected by PTA-ELISA.

Absorbance values increased with increase in concentration of IgG (PAb- 

PGLU) with a maximum at 40 ^g ml'' IgG concentration (Figure 8  C). Further, 

antigen concentrations ranging from 0.156-20 ^g ml'' were also tested against PAb- 

PGLU at an IgG concentration of 40 ^g ml’'. Results are depicted in Figure 8  D. PAb- 

PGLU at 40 fag ml'* was used in all experiments.

4.9.3. Dot Immunobinding Assay

Acid soluble proteins (PR) were extracted from healthy tea leaves of 

seventeen varieties (CP-1, HV-39, T-78, T-135, AV-2, BS-7A/1/76, TS-449, UP-2, 

UP-3, UP-8 , UP-9, UP-26, BSS-2, BSS-3, TV-18, TV-22 and TV-23). These were 

reacted on nitrocellulose paper with PAbs raised against purified chitinase (PAb- 

CHT) and p-l,3-glucanase (PAb-pGLU) using dot-immunobinding formats as 

described earlier. Results revealed wide variations in the intensity of the dots when 

reacted with BCIP/NBT substrate. With PAb-CHT, antigens of CP-1, AV-2, TS-449, 

UP-2, UP-3, UP-9, TV-22 and TV-23 revealed deep violet coloured dots, whereas T- 

78, T-135, UP-8 , BSS-2 and BSS-3 exhibited light violet dots and reactions with 

antigens of HV-39, BS-7A/1/76, UP-26 and TV-18 were insignificant with faint dots. 

Homologous reactions between PAb-CHT and its antigen revealed maximum 

intensity (Plate 26, fig. C). Similarly strong reaction were obsei*ved between PAb- 

pGLU and its homologous antigen (Plate 26, fig. D), however, on reaction with 

antigens of healthy tea leaves the reactions were weaker.

140
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Figure 8  (A - D). Optimization of PAbs raised against chitinase and P-l,3-glucanase 
reacted against homologous antigens using PTA-ELISA formats.
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Colour intensity of dots in reactions of leaf homogenates of HV-39, UP-26, 

BSS-2, TV-18 and TV-23 treated with PAb-PGLU were high TS-449, BS-7A/1/76, 

UP-2, UP-3, UP-9, TV-22, T-78, T-135 reacted positively but could not develop high 

intensity. The reactions CP-1, AV-2, BSS-3, and UP- 8  were weak with very low 

intensity dots (Table 27).

Table 27. X'^'>'wno^(etection of PR-protein in healthy tea leaves by dot- 
immunobinding assay

Varieties PAb-Chitinase PAb-P-l,3-glucanase

CP-1 + + + + +

HV-39 + + + + +

T-78 + + + +

T-135 + + + +

AV-2 + + + + +

BS-7A/1/76 + + +

TS-449 + + + + + +

UP-2 + + + + + +

UP-3 + + + + + +

UP- 8 + + + +

UP-9 + + + + + +

UP-26 + + + +

BSS-2 + + + + + +

BSS-3 + + + +

TV-18 + + + +

TV-22 + + + + + +

TV-23 + + + + + + +

Chitinase° + + + + ND

(5-1,3-glucanase^ ND + + + +

Note: IgG concentration 40 ^g ml"'; Colour intensity of dots: + insignificant, + + light 
violet, + + + violet, + + + + deep violet; NBT/BCIP was used as substrate in dot blot 
assay;" purified homologous antigen, n d  - not detected.
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4.9.4. Western blot

The occurrence of PR-proteins during the natural development of tea plants 

indicates existence of an inherent immune system. To visualize and identify such 

proteins in healthy tea leaves (CP-1, HV-39, T-78, T135, AV-2, BS-7A/1/76, TS-449, 

UP-2, UP-3, UP-8 , UP-9, UP-26, BSS-2, BSS-3, TV-18, TV-22 and TV-23), these 

were analysed by the Western blot procedure. After separation of proteins they were 

electrotransferred to nitrocellulose membranes and probed separately with PAb-CHT 

and PAb-pGLU to bind the target protein on the blots. All varieties tested revealed at 

least two bands of ca. 45 and 42 kDa with PAb-CHT, however the intensity of the 

bands varied. The varieties giving weaker signals with PAb-CHT were UP-26, HV-39 

and BS-7A/1/76. On the other hand, reactions with PAb-pGLU revealed a single band 

o f ca. 25 kDa with high intensity in AV-2, BS-7A/1/76, TS-449, UP-2, UP-3, UP-8 , 

UP-9, UP-26, BSS-2, BSS-3, TV-18, TV-22 and TV-23, hi CP-1, HV-39, T-78 and 

T135 although the protein band of ca. 25 kDa was visible, the reaction with PAb- 

PGLU was weak.

4.9.5. Indirect immunofluorescence

Basidiospores of E. vexans were treated separately with PAb-CHT and 

PAb-pGLU and labelled with FITC conjugate and observed under UV-illumination. 

Pre-immime sera did not show any reactivity with the spores o f E. vexans and the 

spores were not autofluorescent. Bright-apple green fluorescence was emitted from 

the spore walls following treatment with the labelled PAbs, which indicated the 

positive reaction. On observation in both treatments it could be seen that the reaction 

was rather interrupted, as the fluorescence observed was not continuous along the 

walls. However, though weak, reaction of PAb-CHT was stronger than PAb-pGLU 

(Plate 26, figs. E & F).

Finally, the polyclonal antibodies raised against purified tea chitinase (CHT) 

and P-l,3-glucanase (PGLU) were cross reacted with Chitinase (Sigma, C7809) and 

Laminarinase (Sigma, L5257) following immunodiffusion technique and PTA-ELISA 

formats. In addition, polyclonal antibodies were raised separately against Chitinase
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(Chi, PAb-Chi) and Laminarinase (Lam, PAb-Lam) according to the standard 

protocol adapted in this study. After optimization, agar gel double diffusion tests were 

carried out. A number of combinations were set including, PAb-CHT and Chi; PAb- 

Chi and CHT; PAb-pGLU and Lam; and, PAb-Lam and pGLU. Strong precipitin 

bands were observed in all combinations indicating homology between the different 

sources and thus confirming the efficacy of the PAbs raised against tea chitinase and 

P-l,3-glucanase.

4.10. Immunological characterization of pathogenesis-related

proteins in tea triggered by E, vexans

Association of pathogenesis-related proteins in this host-pathosystem reveals 

that disease resistance in tea following attack by E. vexans is a culminated action of 

many defense related enzymes such as chitinase (CHT), P-l,3-glucanase ((3GLU) and 

peroxidase (POX). Activities of the hydrolytic enzymes were high in incompatible 

interactions and peroxidase activity was significantly high in leaves exhibiting 

hypersensitive responses. Results suggest an early specific induction of CHT and 

pGLU and delayed POX induction in incompatible interactions. Artificial inoculation 

of plants with E. vexans and associated changes in these three defense enzymes (CHT, 

PGLU and POX) revealed that accumulation was comparatively high in incompatible 

interactions. After a series o f biochemical tests in the preceding chapters, an attempt 

was made to present fijrther information on the immunological characterization of 

defense proteins using PAbs specific for chitinase and P-l,3-gIucanase ft'om tea, by 

PTA-ELISA, immunoblot, and immunogold labelling with an intention to study biotic 

stress responses in tea varieties susceptible and resistant to E. vexans.

4.10.1. Chitinase (PR-3)

4.10.1.1. PTA-ELISA

The antisera raised against the purified chitinase (PR-3) was first used to study 

their accumulation in ten selected tea varieties (T-17/1/54, BSS-3, TV-26, TV-30,. 

TV-29, T-135, T-78, UP-9, TV-18 and CP-1) following artificial inoculation with 

E. vexans. Strong signals were obtained with PAb-CHT (Figure 9 A).
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Figure 9 (A & B). PTA-ELISA responses of PAbs raised against chitinase [A] and 
P-l,3-glucanase [B] reacted with acid soluble leaf proteins of healthy and E. vexans 
inoculated (48 h) tea varieties.
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The accumulation of chitinase appeared to start at an early stage after 

inoculation. Higher concentration of the induced proteins, than uninoculated healthy 

control, was detected following 1 d post inoculation. The concentration reached 

maximum levels at 2  d after inoculation.

4.10.1.2. Dot-immunobinding assay

Acid soluble protein extracts obtained from tea leaves of control and E. vexans 

inoculated tea plants of resistant and susceptible varieties were reacted with 

PAb-CHT in dot immunobinding assays. Results revealed that the antigens from 

leaves after 24 h of inoculation of resistant varieties (T-17/1/54, BSS-3, TV-26, TV- 

30 and TV-29) showed deep violet colour and that o f susceptible varieties (T-135, T- 

78, UP-9, TV-18 and CP-1) was lighter in colour indicating weaker reaction (Table 

28, Plate 27, fig. B) in comparison to homologous reactions.

Table 28. Dot blot reaction of PR-3 protein of different tea varieties

Varieties PAb-CHT PAb-pGLU

Healthy Inoculated Healthy Inoculated

T-17/1/54 + + + + + + + + + + + + + + +
BSS-3 + + + + + + + + + + + + +
TV-26 + + + + + + + + + +
TV-30 + + + + + + + + + +
TV-29 + + + + + + +
T-135 + + + + + + + +
T-78 + + + + + +
UP-9 + + + + + +
TV-18 + + + + + +
CP-1 + + + + + + + +

N ote: IgG concentration 40 ng ml''; Colour intensity o f  dots: +  insignificant, +  +  light v io let, 
+ +  +  vio let, +  +  +  +  deep violet, +  +  + +  +  very deep violet; N BT/BCIP w as used as substrate 
in dot blot assay.

4.10.1.3. Western blotting

Proteins were extracted from the healthy and E. vexans - inoculated tea plants 

(T-17/1/54, BSS-3, TV-26, TV-30, TV-29, T-135, T-78, UP-9, TV-18, HV-39, UP-8 , 

BSS-2 and CP-1) and quantified. It has already been seen that the electrophoretic 

pattern of the acidic proteins extracted from tea leaves change following inoculation
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with E. vexans, with stronger signals for PR-proteins in incompatible reaction of the 

resistant varieties than in the compatible reaction. To further investigate induction of 

PR-proteins that were related to PR-3 (chitinase) western blots of extracts collected 

from control and E. vexans inoculated plants were performed. Immunoblotting of the 

extracts separated on SDS-gels using the chitinase probe (PAb-CHT) detected two 

bands of ca. 42 and 45 kDa that were universal in all protein extracts of tea plants. 

These proteins appeared to be constitutively present. Immunoblots of healthy extracts 

alone contained two weaker bands of ca. 42 and 45 kDa (Plate 27, fig. D).

In a time-course experiment protein extracts of tea varieties 24, 48, 72 and 

96 h after inoculation with the pathogen were analyzed. In all time bound interactions 

at least one protein, of ca. 14 kDa was recognized in all inoculated extracts and two 

of ca. 45 kDa were common with healthy (Plate 27, fig. E). Of major significance 

were the hybridization results of extracts obtained after an interval of 24 h of 

inoculation (Table 29). In addition to the bands of ca. 42 and 45 kDa, and the other 

common band of ca. 14 kDa, hybridization with the probe produced two more bands 

of ca.61 and 20. The signal strength of the bands detected 24 h post inoculation using 

PAb-chitinase appeared to be the same. The bands of ca.61 and 20 kDa were unique 

to this time interval however a weak signal of the ca.42 and 14 kDa bands were 

sometimes revealed even after 48 h of inoculation, but never obtained 72 and 96 h 

post inoculation. Representative results are given in Plate 27.

Table 29. Detection of PR-proteins in healthy and E. vexans inoculated tea 
varieties by western blotting

Varieties Molecular weight (kDa) 
PAb-CHT PAb-pGLU

Healthy Inoculated^ Healthy Inoculated’*

TV-26 45,42 61,45, 42, 20, 14 25 33, 17
TV-29 45,42 61,45,42, 14 25 33
T-135 45, 42 45, 42, 14 25 33, 17
T-78 45,42 45, 42,14 25 33, 17
UP-9 45,42 61,45,42, 14 25 33, 17
TV-18 45,42 61,45,42, 14 25 17
HV-39 45,42 45,42,20,14 25 33, 17
UP- 8 45,42 45,42,20,14 25 33
BSS-2 45,42 61,45, 42, 14 25 17
CP-1 45,42

. 1-1 a ^
61,45,42,20,14 25 33,17
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Plate 27 (figs. A - E). Dot immunobinding assay [B & C] and Western blot 
analyses [A, D & E] of PR-2 [A & C] and PR-3 [B, D & E] in tea plants 
triggered by E.vexans.



4.10.1.4. Immunogold localization of chitinase (PR-3) in E. vexans inoculated 

tea leaves

Treatment of ultrathin sections from E. vexans -  inoculated tea leaves 

(susceptible -  T-135 and resistant -  T-17/1/54) embedded in LR-white resin with 

PAb-CHT (PR-3) resulted in a significant increase in the number o f gold particles 

over host cell walls and in material o f intercellular spaces between parenchyma cells 

(Plate 28, figs. A & B), as compared to healthy leaves. The electron-translucent zone 

of intercellular spaces was virtually free of labelling either in the palisade parenchyma 

or spongy parenchyma. A heavy deposit of gold particles occurred over the cells. 

Immunohistology controls were run in parallel and treated with pre-immune serum 

instead of primary antibodies.

Microscopic examinations revealed labelling corresponding to chitinase 

deposition both in healthy and E. vexans inoculated plants. However the labelling of 

chitinase in leaves artificially inoculated with E. vexans was intense. It was 

established that E. vexans, the causal agent of blister blight disease o f tea induced 

accumulation of chitinase in cell walls and extracellular spaces. Results indicate that 

accumulation of the defense protein chitinase is most likely connected with its 

induction in a systemic mode. In the healthy plants, the labelling was recorded, 

confirming that chitinase is constitutively present in healthy tissues. Considering the 

presence of chitinase not only in the surrounding area but also distant from infected 

cells it is likely that the chitinase is induced both locally and systemically.

4.10.2. P-l^-glucanase (PR-2)

4.10.2.1. PTA-ELISA

The antisera raised against the purified p-l,3-glucanase (PR-2) was also 

initially used to study their accumulation in ten varieties of tea (T-17/1/54, BSS-3, 

TV-26, TV-30, TV-29; T-135, T-78, UP-9, TV-18 and CP-1) following

inoculation with E. vexans. The accumulation of P-l,3-glucanase commenced at an 

early stage after inoculation. In comparison to control concentrations o f the induced 

proteins higher and were detectable following 1 d post inoculation which reached 

maxinum levels 2  d after inoculation.

149
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Plate 28 (figs. A & B). Transmission electron microgr^hs of immunogold 
labelled blister blight infected tea leaf tissues probed with PAb of chitinase 
(magnified view).
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4.10.2.2. Dot immunobinding assay

Acid soluble extracts o f tea plants (T-17/1/54, BSS-3, TV-26, TV-30, TV- 29, 

T-135, T-78, UP-9, TV-18 and CP-1) inoculated with E. vexans and their 

corresponding controls were analyzed by dot-blot. p-l,3-glucanase enzyme activity 

was measured in the extracts and loaded on nitrocellulose membranes. Intensity o f the 

dots was scored by eye and variation was apparent.

4.10.2.3. Western blotting

Western blot analysis using PAb-P-l,3-glucanase (PR-2) was also performed 

to characterize accumulation patterns of p-l,3-glucanase isozymes in E. vexans 

inoculated tea varieties as well as their respective controls. Analysis of P-1,3- 

glucanase located in leaf protein extracts separated on SDS-gels using the P-1,3- 

glucanase probe (PAb-PGLU) revealed a band of ca. 25 kDa that was common in all 

protein extracts of tea plants. This protein appeared to be constitutively present. 

Following inoculation accumulation pattems were similar in all varieties. Additional 

bands o f ca. 17 and 33 kDa were observed in inoculated extracts. These two 

isozymes, especially the ca. 25 kDa protein were induced to a much greater extent in 

resistant varieties during the course o f pathogenesis when compared to the susceptible 

varieties.

Hence, new bands with p-l,3-glucanase activity as a result of inoculation with 

E. vexans compared to extracts from uninoculated plants was seen. The intensity o f 

bands was greater in resistant inoculated plants.

4.10.2.4. Immunogold localization of P-l,3-glucanase (PR-2) in E. vexans 

inoculated tea leaves

The accumulation of P-l,3-glucanase (PR-2) was investigated on cross 

sections o f tea leaves inoculated with E. vexans (susceptible -  T-135 and resistant -  

T-17/1/54). Ultrathin sections of healthy and E. vexans inoculated tea leaves 

embedded in LR-white resin and incubated with the PR-2 antiserum (PAb-pGLU) and 

labelled with gold conjugate. The results were compared with uninoculated control 

plants. Electron microscopic observations indicate that E. vexans, the causal agent of
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Plate 29 (figs. A - E). Transmission electron micrographs of immunogold 
labelled blister blight infected tea leaf tissues probed with PAb of p-l,3-glucanase
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blister blight disease of tea induced accumulation of P-l,3-glucanase as well. Gold 

labelling corresponding to p-l,3-glucanase deposition both in inoculated and resistant 

plants was scattered (Plate 29, figs. A - E). In the healthy plants PAb-pGLU showed 

labelling to some extent and confirmed its presence in healthy tissues. Tissue cross- 

sections incubated with pre-immune serum instead of primary antibodies did not show 

any labelling. Comparing to chitinase, p-l,3-glucanase was not so strongly induced by 

the pathogen.

4.11. Accumulation of antifungal phenolic compounds in tea 

plants triggered by E. vexans

Histological studies have shown that during infection in both compatible and 

incompatible interactions, E. vexans germinates, develops appressoria, and penetrates 

the epidermis. However only in the compatible interaction does the fungus develop 

infection hyphae, penetrate internal cell walls and ramify throughout the host. It 

therefore appears that resistance is expressed prior to internal cell wall penetration and 

ramification of infection hyphae. Several mechanisms have been demonstrated in 

varied plant-pathogen systems and were suggested to account for the failure in 

penetration or reduced ramification of fungal development in resistant interactions. In 

most o f these cases an increased production of phenolic compounds is apparent. This 

increased accumulation of phenolic compounds contributes to the fluorescent 

characteristic often associated with the resistant interactions. Such autofluorescence 

and accumulation of phenolics in cellular compartments during resistant reactions has 

been demonstrated in this study. Further, a method was developed in this study, to 

quantify extractable pyrocatechol, an antifungal phenolic compound, and to analyse 

catechins by high performance liquid chromatography (HPLC), Artificially E. vexans 

-  inoculated and naturally blister blight infected leaf samples as well as their 

respective healthy controls were sampled. In addition leaves exhibiting hypersensitive 

resistant reactions were also considered. Leaf samples with two replicate treatments 

were taken for processing at one time. Experiments were repeated thrice.
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4.11.1. Phenolics

Phenolic compounds could be detected in both susceptible and resistant 

interactions, however there were distinct differences between the interactions. Ethyl 

acetate fractions o f both healthy and E. vexans inoculated leaf extracts were loaded on 

TLC plates, developed in chloroform - methanol (9:1, v/v) and sprayed separately 

with Folin-Ciocalteau's reagent, diazotized p-nitroaniline and vanillin-H2S0 4 . 

Compound I at Rf. 0.63 showed brown colour reaction when sprayed with vanillin- 

H2 SO4 , whereas compound II at Rf. 0.58 gave positive colour reaction with Folin- 

Ciocalteau’s reagent indicating the presence of phenolic compounds.

4.11.1.1. UV-spectrophotometric analysis

Antifimgal compounds extracted from the healthy, naturally blister infected 

tea leaf tissues as well as tea leaves exhibiting hypersensitive reactions against 

E. vexans were partially purified in preparative TLC. Theses were further analysed by 

UV-Spectrophotometer (Shimadzu 160). Maximum absorption peak measured at 274 

nm was identical to an authentic sample o f pyrocatechol. Hence quantification of the 

antifimgal compound pyrocatechol was done from the UV-Spectrophotometric curve 

considering the molar extinction co-efficient of authentic pyrocatechol 6000 at 274 

nm (Table 31).

Molar extinction* O.D of the tested solution
Coefficient (E) Concentration (x) o f the x Path length of the cell
(cm) tested solution (moles L’’)*

Moles L '' converted to g L*' by multiplying moles with 

molecular weight of catechol. Results have been 

expressed in pg g * fresh weight of leaves.
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Table 30. Quantification of pyrocatechol from tea varieties following inoculation 
with E. vexans

Varieties Pyrocatechol
(ms g tissue)

Healthy Inoculated *

Resistant 98.4 ±3.4 692.7 ± 5.4

T-17/1/54 74.3 ± 2.2 572.9 ±3.1

BSS-3

Susceptible

T-135 64.4 ±2.8 356.9 ± 4.9

UP-9 60.6 ±5.2 292.8 ± 6.0

Note: Results are average of three experiments; ‘* Quantification was done 48 h after
inoculation with E. vexans,t$-£.

4.11.1.2. HPLC analysis in leaf tissues before, after and during infection

In an attempt to analyse the extractable antiflingal phenolics corresponding to 

the assorted incompatible and compatible interactions, HPLC analysis o f tea leaf 

samples before, after and during infection was performed. The elution pattern of the 

phenolic compounds is illustrated in Figure 10 (A - D) where the significant peaks 

have been labelled and consecutively numbered (PI - P3). In all samples noticeable 

peaks were resolved (Table 31). Accumulation of PI at average retention time of 

2.756 min was observed in all samples.

In plants inoculated with E. vexans, the peak height of PI (2.7 min) and P2 

(3.1 min) were higher than their corresponding peaks in control samples with greater 

accumulation of phenolic compounds (Figure 10 A). Similarly in naturally infected 

samples also PI was higher in compatible interactions (Figure 10 C) than that in 

healthy leaves (Figure 10 B). Accumulation of two additional peaks -  P2 and P3 at 

retention time 3.120 and 3.470, respectively, in the severely infected samples was of 

major significance (Figure 10 D). These peaks (P2 and P3) were observed in naturally 

infected samples undergoing compatible interactions only.



Another interesting finding was the increased production of the phenolic PI in 

the leaves exhibiting hypersensitive resistant reactions (Figure 10 D). The 2-fold 

enhancement in the level of PI (2.83 min) was very much significant in comparison to 

healthy and blister infected samples.

Table 31. HPLC analysis of antifungal phenolics in tea leaves
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Sample
description

Peak
no.

Retention
time

Area
[mV.s]

Height
[mV]

W05
[min]

Area
[ % 1

Height
l%]

Artificial 
inoculation *

Healthy PI
P2

2.690
3.120

7463.8584
3207.5152

434.978
138.736

0.290
0 . 2 2 0

65.886
28.314

73.840
23.551

Inoculated ^ PI
P2

2.700
3.110

9773.2254
5045.4727

550.275
202.030

0.300
0 . 2 1 0

58.996
30.457

71.220
26.148

Natural infection* 
Healthy PI 2.870 11574.3050 319.009 0.440 1 0 0 . 0 0 0 1 0 0 . 0 0

Infected PI
P2
P3

2.690
3.120
3.470

7627.7092
2608.3193
3578.9324

367.175
238.182
119.820

0.390
0.180
0.240

52.860
18.075
24.802

50.205
32.567
16.383

HR" PI 2.830 27681.3406 752.152 0.340 1 0 0 . 0 0 0 1 0 0 . 0 0

Note: “ Blister blight pathogen -  E. vexans; '’48 h after inoculation; '  HR- hypersensitive reaction

4.11.1.3. Antifungal assay

Antifungal phenolic compounds extracted from tea plants following 

moculation with E. vexans as well as natural infection was assayed in vitro. Three 

fractions, viz., diethyl etlier, ethyl acetate, and etliyl acetate hydrolysates were tested 

against E. vexans and C. pallescens. Using spore germmation and radial growth 

bioassay techniques respectively. Controls were also set-up with sterile distilled 

water, diethyl ether and ethyl acetate. All fractions were filter sterilized before use.

All fractions were found to be inhibitory against basidiospores o f E. vexans in 

the spore germination bioassay. Ethyl acetate fractions exhibited more inhibition than 

diethyl ether fractions. However, hydrolysed fraction of ethyl acetate was found to be 

more inhibitory than the non-hydrolysed one. This trend was the same for all other 

fractions prepared from various developmental stages (SI-S3) of the disease collected 

from Castleton Tea Garden (Table 32).
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Figure 10 (A - D). HPLC elution profiles of pyrocatechol from healthy [A- green curve], 
E. vexans inoculated [A, blue curve] tea plants (T-17/1/54 - resistant variety) and leaves 
collected from Castleton Tea Estate exposed to blister blight infection. [B-D] Healthy 
plant [B], blister infected [C] and plants showing hypersensitive reaction [D],
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Mycelial blocks of C  pallescens were inoculated on PDA medium 

supplemented with the phenolic extracts (50 ^I) obtained from healthy and E. vexans 

inoculated tea leaves to assess their antifungal activity by radial growth bioassay. 

Results revealed that mycelial growth of C. pallescens was inhibited markedly in the 

medium supplemented with ethyl acetate hydrolysates (Plate 30, fig. B). Mycelial 

growth was inhibited by 45% in diethyl ether and 65 % in ethyl acetate (non

hydrolysed) fractions in relation to their respective controls. Interestingly, extracts 

prepared from leaves exhibiting hypersensitive resistant reactions completely 

inhibited spore germination of E. vexans, indicating that the plants accumulate their 

defensive compound in highest amount with speed and magnitude. (Plate 30 E). 

Hence from this we can conclude that the extracts are antimicrobial in nature with 

significantly inhibitory components.

Table 32. Antimicrobial activity of ethyl acetate hydrolysates of healthy and 
infected tea leaves

Test sample Exobasidium vexans * Curvularia pallescens **
Spore

germination
(%)

Inhibition in 
spore germination 

t%)

Mycelial growth 
(mm)

Inhibition in 
mycelial growth 

(%)
Control
Water 84.7 - - -

PDA - 40.0 -

Methanol 60.0 29.1^ 32.0 2 0 .0 *
Diethyl ether 63.5 25.0" 36.5 8.7*
Ethyl acetate 66.5 21.4" y i 2 7.0*

Ethyl acetate hydrolysates

Natural infection
Healthy (H) 16.5 75.2"" 0 . 0 lOO.O""
Blister infected (S) 50.0 24.8"" 29.0 2 2 .0 ""
Hypersensitive (HR) 12.5 81.2"" 6 . 0 83.9""

Artificial inoculation
Healthy (H) 0.0 lOO.O"" 0 . 0 lOO.O""
E. vexans inoculated 28.0 57.9"" 15.0 59.67""

Results (average of three experiments) recorded after *24 and '’48 h of incubation 
values indicate inhibition against water control; ** values indicate inhibition against ethyl 

acetate control; * values indicate inhibition against PDA medium control
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Plate 30 (A - F). Agar cup [A], radial growth [B] and spore germination 
[C - F] bioassay of antifungal phenolic compounds - Catechin [A & F], 
pyrocatechol [B & E]. Distilled water control [C & D], Medium control 
[B- top]. Bacillus megaterium [A], Curvularia pallescens [B 
Exobasidium vexans [C - F].



4.11.2. Catechins

This study was carried out in order to investigate the inherent catechins 

present in tea plants that are stimulated during the development of blister blight 

disease as well as during hypersensitive resistance mechanism.

4.11.2.1. HPLC analysis in leaf tissues before, after and during infection

Involvement of catechins in both compatible and incompatible interactions of 

tea leaves with E. vexans were analysed by HPLC for a comparative analysis of the 

flavonoid compounds the extracts obtained from leaves of healthy plants and 

artificially E. vexans inoculated plants. Besides, healthy tea leaves from Castleton Tea 

Estate, naturally blister infected leaves of different stages of infection (SI-S3), as well 

as leaves exhibiting hypersensitive reactions were subjected to HPLC. Each sample 

was run in triplicate. All HPLC runs confirmed the presence of several flavonoid 

compounds in tea plants.

Analysis of the catechin extracts of healthy, artificially inoculated resistant tea 

variety (T-17/1/54) and naturally blister infected tea plants showed variant levels of 

the flavonoids. A number of peaks, P1-P20 (Figure 11 A & B), were prominent. The 

compounds that exhibited higher levels of accumulation in control plants include -  

PI, P2, P3, P7, PIO, P l l ,  and P14. The peaks o f major significance in healthy plants 

were -  P3, P7, PI 1 and P19 at retention times 4.5, 6.2, 8.3 and 19.5 min respectively 

(Table 33). In the inoculated (with E. vexans) plants (T-17/1/54), slight increase in 

peak height was revealed by P5, P6  and P9 noticeable increase was revealed by peaks 

-P13,P15,P17, P18 and P20 (Table 34). Of particular significance was the peak PIS 

at retention time 18.9 min, which was predominantly present, and was considerably 

enhanced in comparison to healthy controls. While peaks P4, P8  and P14 were of 

more or less similar heights, P14 at retention time 16.0 min appeared to be of very 

higli concentration, which was revealed by the wide end of the peak. Two novel 

peaks, P12 and P I6  at retention times 13.9 and 18.0 min respectively, were exhibited 

in inoculated extracts while a peak P19 at retention time 19.5 min present in control 

plants was absent in inoculated ones.
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Table 33; HPLC analysis of tea leaf catechins before inoculation

Peak Retentio Area Height W05 Area
no. n time ImV-s]______ fmV] fmin] [%]

PI
P2
P3
P4
P5
P6

P7
P8

P9
PIO
P ll
P12
P13
P14
P15
P16
P17
P18
P19
P20

3.070
3.930
4.550
5.540
6.280
6.730
8.380
9.720

10.670
11.460
13.290

1844.8569
2711.0611

29688.8998
1371.2397
438.1554
265.9023

16689.0414
1058.7682
121.0449

1083.9410
13048.4388

18.470
18.800
19.500
20.820

81.152
217.863
996.799

75.689
16.784
12.576

615.645
38.724

5.331
51.874

747.499

14.890 188.3559 14.862
15.660 23070.9213 989.670
16.590 4351.6828 162.694

3387.3730
5939.0467
5542.1199
4702.5336

178.528
385.976
371.667
237.275

0.270
0.190
0.460
0.260
0.520
0.410
0.440
0.390
0.350
0.330
0.260

0.230
0.340
0.330

0.370
0.220
0.160
0.230

1.400
2.058

22.536
1.041
0.333
0.202

12.668
0.804
0.092
0.823
9.905

0.143
17.513
3.303

2.571
4.508
4.207
3.570

Height
f%1

1.320
3.543

16.210
1.231
0.273
0.205

10.012
0.630
0.087
0.844

12.156

0.242
16.094
2.646

2.903
6.277

.044
3.859

Naturally blister-infected leaves exhibited less isoforms of catechins than healthy 

leaves (Figure 12 A). Peaks present in healthy leaves (Figure 13 A and Table 35) were 

mostly absent in blister mfected leaves. Two peaks of 16.5 and 18.6 retention times 

and those with decreased height were of retention times 4.0, 13.4, 13.7, 14.5, 19.8 

(Figures 13 A-C).

Though the plants showing resistant reaction reflected responses similar to healthy 

plants, catechins in E. vexam-infected samples and leaves exhibiting resistant 

reactions were remarkably different. Interestmgly, after analysis of catechins from the 

plants showing hypersensitive reaction against E. vexans re-appearance of two major 

peaks at 13.9 and 18.7 retention times with recovery percentages of 92 and 8 6  

respectively were evident (Figurel2 B and Table 36).
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Table 34: HPLC analysis of tea leaf catechins after inoculation with E. vexans

Peak Retention Area Height
no. time________ fmV.s]______ [mV|
PI
P2
P3
P4
P5
P6

P7
P8

P9
PIO
P ll
P12
P13
P14
P15
P16
P17
P18
P19
P20

3.060
3.930
4.320
5.520
6.240
6.740
8.490
9.750

10.630
11.550
13.420
13.970 
14.890 
16.040 
16.920 
18.000 
18.480
18.970

644.3913
1986.4624
7881.8791
1593.7085
1098.6679
404.8969

12262.0354
610.8494
481.2763

2469.5137
9857.3911
3994.0251
4035.8447

48495.5080
18271.1731
4934.1183
9925.2656

47383.8776

34.288
175.509
662.793

81.668
52.720
23,390

441.992
27.912
13.162

108.681
307.489
178.517
123.153
986.625
381.072
240.652
377.451
984.243

W05
[min]

0.330
0.170
0.190
0.240
0.320
0.330
0.380
0.340
0.720
0.300
0.330
0.370
0.490
0.790
0.880
0.400
0.540
0.420

Area
m .

Height
[%]

20.830 15767.9145 388.384 0.240

0.326
1.004
3.985
0.806
0.555
0.205
6.199
0.309
0.243
1.248
4.983
2.019
2.040

24.517
9.237
2.494
5.018

23.955

7.971

0.593
3.033

11.454
1.411
0.911
0.404
7.639
0.482
0.227
1.878
5.314
3.085
2.128

17.051
6.586
4.159
6.523

17.010

6.712

Blister infected leaf samples of all three stages of infection (SI, S2 & S3) were 

analysed. Though there were no new peaks variation in the levels of the separated 

compounds was observed (Tables 37 - 39). The polyphenols present as inherent 

components were greatly enhanced in the leaves exhibiting hypersensitive reactions in 

comparison to susceptible ones, which was determined by peak height.

Table 35: HPLC analysis of catechins isolated from healthy tea leaves

Peak Retention Area Height W05 Area Height
no. time [mV.s] [mV] [min] [%] r%i
PI 4.120 7194.0844 517.449 0.190 5.282 11.184
P2 - - - - _

P3 6.660 1737.7937 112.834 0.270 1.276 2.439
P4 - - - - -

P5 - - _

P6 - - - _

P7 13.950 31091.4911 1005.178 0.440 22.826 21.725
P8 16.520 8717.0287 428.563 0.240 6.400 9.263
P9 17.420 21845.5378 1003.637 0.250 16.038 21.692
PIO 18.680 37654.9656 517.685 0.850 27.645 11.189
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165

Table 36. HPLC analysis of catechins isolated from leaves exhibiting 
hypersensitive reactions against E. vexans

Peak
no.

Retention
time

Area
rmV.sl

Height
[mV]

W05
fmin]

Area
[%]

Height
[%]

PI 4.130 13671.8302 1002.148 0.180 12.813 22.576
P2 - - - - - -
P3 - - - - - -
P4 7.670 2421.0155 95.154 0.250 2.269 2.144
P5 - - - - - -
P6 10.710 3689.1413 132.140 0.270 3.457 2.972
P7 14.340 22880.9570 998.124 0.300 21.443 22.486
P8 16.680 6429.0934 183.206 0.810 6.025 4.127
P9 17.500 15055.7039 996.804 0 . 2 1 0 14.110 22.456
PIO 18.750 17858.6707 318.997 1 . 0 0 0 16.737 7.186

Table 37. HPLC analysis of catechins isolated from leaves during initial 
stages of blister blight infection

Peak Retention Area Height W05 Area Height
no. time rmV.s] [mV] [mini f%l [%]
PI 4.000 6558.2640 493.190 0.180 14.774 27.531
P2 - - - - -

P3 - - - - - -

P4 - - - - - -

P5 - - - - - -

P6 - - - - -

P7 - - - - _

P 8 - - - - . -

P9 17.410 27056.8385 867.232 0.170 60.949 48.411
PIO - - - - - -

Table 38. HPLC analysis of catechins isolated from leaves at moderate 
blister blight infection stage

Peak Retention Area Height W05 Area Height
no. time fmV.sl [mV] [min] [%] r%i
PI 3.660 16278.8442 950.447 0.270 23.273 28.970
P2 - - - - _

P3 6 . 0 2 0 2961.9157 139.174 0.280 4.234 4.242
P4 - - - -

P5 8.570 5502.1468 261.440 0.300 7.866 7.969
P6 - - -

P7 - - _ _

P8 - - _ _ .

P9 17.230 12092.6347 872.009 0.190 17.288 26.580
PIO - - - - -
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Figure 13 (A - C). HPLC elution profiles of catechins from leaves of Castleton Tea 
Estate exposed to blister blight infection during different stages o f disease development. 
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Table 39; HPLC analysis of catechins isolated from leaves severely 
infected by E. vexans

Peak Retention Area Height W05 Area Height
no. time_____[mV.s]______[mV] [min] [%]_____f%]
PI 4.210 12618.7057 1002.681 0.200 22.344 33.223
P2 5.460 2212.5983 136.394 0.200 3.918 4.519
P3 . . . . . .
P4 7.120 2267.0494 130.317 0.220 4.014 4.318
P5 - . . . . .
P6  - . . . . .
P7 . . . . . .
P8  - . . . .
P9 17.460 6321.5308 434.159 0.640 11.194 14.386
PIO - - .  .  . .

4.11.4.2. Antifungal assay

Antimicrobial activity of catechin was tested against a bacterium, Bacillus 

megaterium. Clear inhibition zone was observed (Plate 30, fig. A) in catechin 

supplemented medium. In control sets initially respective solvent was given and after 

evaporation the medium was poured and seeded with bacterium. Antifimgal activity 

of tea catechin extracts from healthy, E. vexans inoculated as well as blister infected 

tea leaves were also assessed using spore germination bioassay. Two separate controls 

sets, with water and methanol, were also set simultaneously. Germination was stopped 

in all sets after 24 h when spores in water control had germinated and formed 

appressoria (Plate 30, figs. C & D). Complete inhibition of germination of E. vexans 

was noticed in all the catechin extracts tested (Plate 30, fig. F).



4.12. Induction of resistance towards E. vexans in tea plants and

associated changes in defense enzymes

The potential of systemic acquired resistance (SAR) as a tool in integrated 

disease management programs is becoming more widely recognized, especially as 

information regarding the occurrence of the phenomenon for an increasing number of 

plant-pathogen interactions become more abundant. Research concerning such 

defense mechanism has largely concentrated on determining the significance of the 

many associated pathogenesis-related proteins (PR-proteins) and investigating the 

nature o f endogenous signal entities. The phenomenon of systemic acquired resistance 

(SAR) suggests that there is a signal that originates at the site of the elicitor (biotic or 

abiotic) application and moves throughout the plant. The activation of SAR turns 

compatible plant-pathogen interactions into incompatible ones that are related to 

accumulation of defense compounds and PR-proteins. In this chapter an attempt has 

been made to induce resistance in tea varieties (T-78, UP-9 and TV-18) that have 

been established to be susceptible towards E. vexans. The plants were treated with 

abiotic elicitors followed by inoculation of leaves of whole plants using basidiospore 

suspensions of E. vexans under controlled conditions. Initially one of the most 

susceptible varieties (T-78) was considered for induction and associated changes in 

defence enzymes (chitinase- PR-3, p-l,3-glucanase- PR-2, peroxidase- PR-9 and 

phenylalanine ammonia lyase) were measured at 24, 48 and 72 h after inoculation 

from untreated healthy (UH), untreated inoculated with E. vexans (UI), treated healthy 

(TH) and treated inoculated tea varieties. Each experiment was repeated five times.

4.12.1. Influence of abiotic eiicitors on defense enzymes

Induced resistance may be achieved by the use of ‘substances’ that induce 

defense reactions in plants called elicitors. Resistance induction by abiotic elicitors 

has been observed and also suggested as an alternative control method to fungicides, 

which generally have toxic side affects. Of various chemical compounds known to 

induce resistance in different species two salts, a chloride and a phosphate, that 

possess the ability to induce PR-protein accumulation in plants were selected for this
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study. The changes in activities of the defense enzymes induced with such abiotic 

elicitors before and after challenge of tea plants with E. vexans have been described.

4.12.1.1. Fungicides

Several groups of organic compounds have been developed in the recent years 

for fungicidal effect by true systemic action with major interest in testing the different 

groups for systemic, eradicant and antisporulant action on E. vexans. Two 

recommended systemic fungicides Hexaconazole and Calixin offering satisfactory 

blister blight disease control were obtained to study their effects as inducers of 

resistance in tea plants towards E. vexans with special emphasis on the altering levels 

of defense enzyme.

4.12.1.1.1. Hexaconazole

Hexaconazole, a promising systemic fungicide in the management of tea 

blister blight caused by E. vexans was obtained from Rallis India Limited, Bangalore. 

In recent years application of hexaconazole (RS)-2-2(2,4-dichlorophenyl)-l-(l,H- 

l,2,4-triazol-l-l-yl)hexan-zol, an ergosterol biosynthesis inhibitor (EBI), has been 

common practice in tea cultivation areas. The recommended dose for foliar spray is 

0.1 % at 7-d-intervals. To study the associated changes in defense enzymes, tea plants 

(T-78) were treated and then inoculated E. vexans. Samples were harvested at 24, 48 

and 72 h after inoculation and levels of the defense enzymes (chitinase, P-1,3- 

glucanase, peroxidase); Besides, the levels of phenylalanine ammonia lyase (PAL), a 

key enzyme in phytoalexin synthesis were also recorded for these samples. Control 

plants were sprayed with distilled water and maintained under identical conditions.

Chitinase activity in hexaconazole treated plants showed higher activity levels 

than inoculated plants. The effect of both agents resulted in a major peak after 24 h in 

treated plants following inoculation and was 4-fold than untreated inoculated (Figure 

14 B). After attaining a peak, fall in activity was abrupt in treated healthy plants but 

the decline in treated inoculated was gradual. Despite fall in the activity, chitinase 

levels were still higher in the treated-inoculated plants than their respective controls. 

p-l,3-glucanase activity was also enhanced by treatment with hexaconazole with 

highest activity 24 h after inoculation.
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Figure 14 (A & B). Chitinase activity in tea plants (T-78) following treatment with 
abiotic elicitors and inoculation with E. vexans.
[U- untreated, H- healthy, I- inoculated, MC- mercuric chloride, DI- di-potassium phosphate,
AZ- A. indica, CR- C. roseus, HX- hexaconazole, CL- calixin, BC- biocrop, SA- salicylic acid ]
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In treated inoculated plants levels were significantly high with a rapid drop in 

activity at 48 and 72 h time points. Contrastingly, treated healthy plants high level of 

activity persisted up to 48 h that abruptly declined thereafter (Figure 15 B). 

Peroxidase activity started increasing rapidly after 24 h of inoculation of the treated 

plants. However increase in enzyme activity was much steeper 48 h after inoculation 

(Figure 16 B).

Phenylalanine ammonia lyase, a key phenolic enzyme, showed increased 

activity with peak value 48 h after inoculation (Figure 17 B). The trends in untreated 

healthy and inoculated plants were similar

4.12.1.1.2. Calixin

Another heterocyclic compound that has shown promise in controlling blister 

blight is Calixin, a product of Messrs. BASF India, Mumbai, belonging to the group 

morpholine, with the common name tridemorph and chemical name N-tridecyl-2,6- 

dimethyl morpholine. Calixin foliar spray at O.I % concentration applied at 7-d- 

intervals is the recommended dose that inhibits sporulation of E. vexans and thereby 

keeping the inoculum level low. Calixin has also been observed to exert a marked 

stimulation on crop production. To investigate the role of calixin in induction of 

resistance, 7 doses (0.1. % at 7-d-intervals) of the fimgicide were applied on tea 

plants (T-78) and inoculated with E. vexans 7 d after the last dose. Samples were 

harvested at 24, 48 and 72 h after inoculation and levels chitinase, p-l,3-glucanase, 

peroxidase and PAL were recorded.

Comparison of the defense enzymes showed enhancement of chitinase (Figure 

14 B) and P-l,3-glucanase (Figure 15 B) after 24 h and of peroxidase (Figure 16 B) 

and phenylalanine ammonia lyase (Figure 17 B) after 48 h of inoculation with a 

gradual decline with time. However, level of increase of p-l,3-glucanase and 

peroxidase was higher than the increase in chitinase and phenylalanine ammonia lyase 

in comparison to untreated healthy control.
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Figure 15 (A & B). P-l,3-glucanase activity in tea plants (T-78) following 
treatment with abiotic elicitors and inoculation with E. vexans.
[U- untreated, H- healthy, I- inoculated, MC- mercuric chloride, DI- di-potassium phosphate, 
AZ- A. indica, CR- C. roseus, HX- hexaconazole, CL- calixin, BC- biocrop, SA- salicylic acid ]
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4.12.1.2. Mercuric chloride

It has already been established that mercuric chloride has potential in PR- 

protein induction and accumulation in plants even at low concentrations. With this 

background mercuric chloride was selected as an inducer of defense enzymes in tea 

plants. A 10 mM solution of mercuric chloride was sprayed uniformly on altemate 

days for 7 d on to the leaves of susceptible tea plants (T-78). After applying the last 

dose the plants were inoculated with E. vexans and levels of the defense enzymes 

chitinase, p -l,3 -glucanase, peroxidase and phenylalanine ammonia lyase were 

measured after 24,48 and 72 h following inoculation.

Mercuric chloride, enhanced the levels of chitinase (Figure 14 A) and 

P-l,3-glucanase (Figure 15 A) enzyme activity. The enzyme activities were higher in 

treated inoculated plants than their respective controls. The highest levels of the 

enzymes were obtained 24 h after inoculation. Peroxidase activity was consistently 

higher in leaves from inoculated plants (Figure 16 A). The peroxidase activity levels 

rapidly increased from 24 to 48 h following inoculation. The trend was the same in 

phenylalanine ammonia lyase activity following all treatments (Figure 17 A).

4.12.1.3. Di-potassium ortho-phosphate

Phosphate salts can also induce resistance in plants. An aqueous solution of di

potassium orthophosphate (50 mM) was used for resistance induction in tea plants. 

The solution was sprayed on the leaves of the tea plants (T-78). Plants were 

inoculated with E. vexans 7 d after treatment.

Within 24 h of inoculation the levels o f chitinase enzyme in treated plants had 

risen in comparison to control and inoculated plants. Chitinase levels were higher in 

treated inoculated plants than both untreated-inoculated and treated-healthy plants 

(Figure 14 A). On the other hand P-l,3-glucanase activity did not increase as rapidly 

in the leaves induced with di-potassium ortho-phosphate as in those inoculated with 

E. vexans. P-l,3-gIucanase activity rarely reached the levels observed in inoculated 

leaves.
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Figure 16 (A & B). Peroxidase activity in tea plants (T-78) following treatment 
with abiotic elicitors and inoculation with E. vexans.
[U- untreated, H- healthy. I- inoculated, MC- mercuric chloride, DI- di-potassium phosphate, 
AZ-A. indica, CR- C. roseus, HX- hexaconazole, CL- calixin, BC- biocrop, SA- salicylic acid ]
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However, interestingly, the treated-inoculated leaves exhibited similar levels 

of p-l,3-glucanase as untreated inoculated plants (Figure 15 A). Peroxidase activity 

reached peak levels 48 h after inoculation. Here levels of the enzyme ŵ ere similar in 

untreated inoculated plants (Figure 16 A).

On the contrary, a general increase in PAL activity was noticed in all 

treatments. Activity was nearly two fold higher in treated-inoculated plants than 

untreated healthy and untreated-inoculated plants 48 h following inoculation with 

E. vexans (Figure 17 A).

4.12.1.4. Salicylic acid

Although agrochemicals are competent in combating the disease, their high 

cost and health hazards caused by them limit their extensive use. However, chemicals 

like salicylic acid with low concentrations could provide an alternative to protect the 

crop plants by activating SAR. Salicylic acid is one of the many activators of disease 

resistance being utilized to aid elucidation of the complex mechanisms of the defense 

response and to assess the potential of employing SAR commercially. Salicylic acid 

has been implicated as a component o f the induced resistance signaling pathway for 

many years. Not only does exogenous application of salicylic acid to many plant 

species result in the accumulation of PR-proteins but can also activate other resistance 

mechanisms such as phytoalexin production and lignification. Endogenous levels of 

salicylic acid also increase following inoculation with microorganisms. A lot of 

research in this line has been demonstrated in a number of plant-pathogen systems, 

but information regarding the E. vexans - C. sinensis is lacking. Therefore, in the 

current study results in this line of investigation have been presented.

Tea plants (T-78) susceptible to blister blight were sprayed with salicylic acid 

(15 mM) for 7 d and challenge inoculated with E. vexans. Samples were harvested at 

24, 48 and 72 h. The extractable defense enzymes chitinase, P-l,3-glucanase, 

peroxidase and phenylalanine ammonia lyase were obtained from untreated healthy 

(UH), untreated inoculated with E. vexans (UI), treated healthy (TH) and treated 

inoculated (TI) tea varieties.
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(T-78) following treatment with abiotic elicitors and inoculation with E. vexans. 
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The patterns of accumulation of all defense enzymes were of significantly 

high levels in treated-inoculated plants. Chitinase activity was measured in leaves 

following all treatments as well as control (Figure 14 B). The levels rose with a peak 

at 24 h after inoculation and at the later time points (48 and 72 h after inoculation) 

declined but the fall was steady.

P-l,3-glucanase activity in the leaf extracts was influenced by inoculation with 

E. vexans and displayed a peak rise within 24 h post inoculation (Figure 15 B). The 

values obtained for the treated-inoculated plants showed a rapid rise in the P-1,3- 

glucanase activity in comparison to treated healthy and untreated inoculated plants. 

After 24 h the enzyme activity gradually decreased in all treatments, which continued 

till 72 h.

Peroxidase activity also started to increase within 24 h of inoculation but was 

maximum at 48 h after inoculation. Inoculated plants (UI) showed higher levels of the 

enzyme in comparison to control (UH) but at all time intervals the levels were similar. 

Further comparison showed that the treated healthy and treated-inoculated plants 

(SAI) attained peak levels of enzyme after 48 h (Figure 16 B). Treated plants showed 

a faster decline in enzyme activity whereas treated inoculated plants still maintained 

much higher levels.

The phenylalanine ammonia lyase levels recorded in the treated plants were 

similar to peroxidase levels. Enzyme activity attained a peak 48 h after inoculation in 

all treatments, which gradually declined thereafter up to 72 h (Figure 17 B).

4.12.1.5. Plant products and Phytoextracts as inducers of resistance

Plant diseases are usually controlled by broad-spectrum fiingicides or 

chemical sahs applied as foliar sprays. But, the growing concern about harmfiil 

chemicals on the environment and human health, efforts have been made to evolve 

environmentally friendly strategies for the control of plant diseases. Plant extracts or 

products have been found effective against a wide range of pathogens. Therefore, 

experiments were designed to investigate the effect of a plant product -  Biocrop, and 

phytoextracts of two plants -  Azadirachta indica ‘neem’ and Catharanthus roseus 

‘periwinkle’ on tea plants in inducing resistance against blister blight of tea.
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4.12.1.5.1. Biocrop

Biocrop, an organic fertilizer, is a naturally occurring metabolic activator and 

plant growth enhancer. It is a mixture of organic constituents that have their 

counterparts in plants. It has been tried on various plantation crops and has improved 

the growth potential of crops without harming the soil structure, texture and 

environment.

Significant increases in enzyme activities were observed following induction 

with Biocrop. After 24 h of inoculation, chitinase activity increased in the treated 

plants in comparison to control. Interestingly, following treatments after attaining 

peaks at 24 h, the plants still maintained much higher levels up to 48 h followed by a 

rapid decline in enzyme activity after 72 h (Figure 14 B).

Significant increases over respective controls in activities of P-l,3-glucanase 

were found in all treatments after 24 h of inoculation which declined thereafter up to 

72 h (Figure 15 B). An alteration in the levels of p-l,3-glucanase activity was evident 

following induction with Biocrop.

The levels of peroxidase (Figure 16 B) and phenylalanine ammonia lyase 

(Figure 17 B) after treatment following inoculation were highest after 48 h of 

inoculation with slight decline at 72 h. Activities of both enzymes showed similar 

trends except for level of enhancement of enzyme activity.

4.12.1.5.2. Catharanthus roseus

Aqueous extracts (.4 %) of leaves of Catharanthus roseus, periwinkle was 

applied to tea plants (T-78) and levels of defense enzymes were recorded. As 

compared to control chitinase activity was high and attained a peak after 24 h of 

moculation with E. vexans (Figure 14 A). Similarly, p-l,-3-glucanase activity was 

also enhanced during initial stages within 24 h after inoculation (Figure 15 A) 

followed by peroxidase which rose 48 h after inoculation (Figure 16 A). PAL activity 

was also enhanced after 48 h o f inoculation and interestingly the levels remained high 

with a gradual decline in due course of time (Figure 17 A).
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4.12.1.5.3. Azadirachta indica

Azadirachta indica, neem extracts, were also applied to tea plants (T-78) 

followed by inoculation with E. vexans. The activity of both chitinase and P-1,3- 

glucanase was higher in treated inoculated plants (Figures 14 A and 15 A). Induction 

with A. indica changed the levels of peroxidase and phenylalanine ammonia lyase 

and both enzymes attained peaks 48 h after inoculation (Figures 16 A and 17A).

It can be derived from the results that both the phytoextracts, C. roseus and A. 

indica are effective in increasing the defense enzyme levels in tea plants. However, 

though is increase in activity of the enzymes was recorded in A. indica treated tea 

plants their effect is lesser than C. roseus treatments.

4.12.2. Evaluation of disease reaction by PTA-ELISA

After biochemical elucidation of the changes of levels o f defense enzymes in 

susceptible tea varieties, further, acid soluble proteins were extracted from three tea 

varieties (T-78, UP-9 and TV-18) separately treated with all the said elicitors and 

immunologically analyses were made following PTA-ELISA formats. Pathogen was 

detected in the extracts by PAb-EVl. Similarly for detection of PR-proteins, PR-3 and 

PR-2, PAbs raised against Chitinase (PAb-Chi) and Laminarinase (PAb-Lam) were 

used. Results were recorded following pre-treatment o f the plants with the abiotic 

elicitors and after 24 h after inoculation with E. vexans. Pathogen could be 

specifically detected by PAb-EVl in untreated-inoculated plants with higher values in 

comparison to treated-inoculated (TI). Decrease in absorbance value in treated 

inoculated plants confirms limit of the pathogen in tea leaf tissues and hence 

induction of resistance which was fiarther confirmed by increase in values o f defense 

enzymes. Strong signals of PR-proteins were obtained with PAb-Chi and PAb-Lam in 

plants o f the different treatments and varieties. Accumulation of both proteins started 

at an early stage after inoculation and higher concentrations were noticed especially in 

treated-inoculated (TI) in comparison to all treatments (UH, UI and TH). Results 

following treatment with the abiotic elicitors and inoculation with E. vexans have 

been tabulated in tables 40-47.



180

Table 40. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in
Hexaconazole treated tea plants following inoculation with E. vexans using
PTA-ELISA formats

Leaf antigen 
(50 t̂g ml'^)

Treatment 
(0.1 %)

Absorbance at 405 nm
PAb-EVl PAb-CHT PAb-PGLU

T-78

UP-9

TV-18

E. vexans 
Chitinase 
Laminarinase

UH
UI
TH
I I
UH
UI
TH
TI
UH
UI
TH
TI

0.761
0.878
0.623
0.235
0.648
0.857
0.686
0.255
0.739
0.877
0.550
0.281
1.791

± 0.02
±0.04
±0.05
±0.04
± 0.02
±0.03
±0.08
±0.08
±0.07
±0.07
±0.08
±0.09
±0.04

0.469
0.557
1.509
2.475
0.419
0.793
1.569
2.559
0.441
0.686
1.453
2.638

±0.06
±0.05
±0.04
± 0.02
± 0.02
±0.04
±0.07
±0.08
± 0.02
± 0.11
± 0.02
±0.05

ND

ND

ND
1.325 ±0.04

ND

0.364 ±0.08 
0.608 ± 0 . 0 2  

0.995 ± 0.03 
1.802 ±0.04 
0.330 ± 0.02 
0.541 ±0.01 
0.560 ±0.10 
0.793 ± 0.04 
0.392 ± 0.04 
0.519 ±0.04 
0 . 6 8 8  ± 0 . 0 2  

1.475 ±0.03
ND

ND
1.258 ±0.04

Note: Results are average of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h 
after inoculation with E. vexans-, IgG concentration 40 ng ml''; UH-Untreated healthy, 1)1- 
Untreated inoculated, TH- Treated healthy and TI- Treated inoculated; ND -  not detected.

Table 41. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in 
Calixin treated tea plants following inoculation with E. vexans using PTA-ELISA 
formats

Leaf antigen 
(50 ng ml'^)

Treatment 
(0 . 1  %)

Absorbance at 405 nm
PAb-EVl PAb-CHT PAb-3GLU

T-78 UH 0.784 ±0.05 0.461 ±0.06 0.331 ±0.05
UI 0.872 ±0.05 0.550 ± 0.02 0.584 ±0.06
TH 0.896 ± 0.04 0.750 ± 0.03 0.771 ± 0.02
TI 0.294 ± 0.02 1.003 ±0.05 1.561 ±0.05

UP-9 UH 0 . 6 8 8  ± 0 . 0 2 0.442 ± 0.03 0.301 ± 0.03
UI 0.840 ±0.05 0.718 ±0.07 0.494 ± 0.09
TH 0.920 ± 0.08 1 . 2 2 1  ±0.06 0.462 ± 0.05
TI 0.225 ± 0.09 2.001 ±0.09 0.512 ±0.02

TV-18 UH 0.750 ± 0.02 0.445 ± 0.05 0.336 ± 0.08
UI 0.856 ±0.01 0.685 ± 0.07 0.538 ± 0.05
TH 0.625 ± 0.04 0.965 ± 0.06 0.864 ± 0.06
TI 0.256 ± 0.06 1.234 ±0.08 0.996 ± 0.05

E. vexans 1.82 ± 0 . 0 2 ND ND
Chitinase ND 1.45 ±0.06 ND
Laminarinase ND ND 1.30 ±0.08

Note: Results are average of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h
after inoculation with E. vexans; IgG concentration 40 ng ml''; UH-Untreated healthy, UI-
Untreated inoculated, TH- Treated healthy and TI- Treated inoculated
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Table 42. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in
Mercuric chloride treated tea plants following inoculation with E. vexans using
PTA-ELISA formats

Leaf antigen 
(50 ^g ml-^)

Treatment 
(5 mM)

T-78

UP-9

TV-18

E. vexans 
Chitinase 
Laminarinase

UH
UI
TH
TI
UH
UI
TH
TI
UH
UI
TH
TI

Absorbance at 405 nm
PAb-EVl PAb-CHT PAb-3GLU

0.780 ± 0.02 
0.881 ±0.07 
0.712 ± 0.04 
0.227 ± 0.06 
0.679 ±0.06 
0.898 ± 0.07 
0.899 ± 0.02 
0.285 ± 0.04 
0.761 ±0.11 
0.858 ±0.05 
0.898 ± 0.06 
0.201 ± 0.02 
1.900 ±0.04

ND
ND

0.426 ± 0.06 
0.586 ± 0.02 
0.616 ± 0.06 
0.785 ± 0.02 
0.478 ± 0.07 
0.697 ± 0.05 
0.712 ±0.05 
0.794 ±0.01 
0.458 ± 0.04 
0.669 ± 0.07 
0.726 ± 0.08 
0.896 ± 0.02

ND
1.620 ±0.03

ND

0.311 ±0.04 
0.554 ±0.01 
0.559 ±0.12 
0.596 ±0.01 
0.333 ±0.05 
0.496 ±0.04 
0.491 ±0.06 
0.523 ± 0.07 
0.352 ± 0.08 
0.548 ± 0.07 
0.648 ± 0.04 
0.690 ±0.03

ND
ND

1.230 ±0.07

Note: Results are average of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h 
after inoculation with E. vexans; IgG concentration 40 |ag ml"'; UH-Untreated healthy, UI- 
Untreated inoculated, TH- Treated healthy and TI- Treated inoculated

Table 43. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in 
Di-potassium phosphate treated tea plants following inoculation with E. vexans 
using PTA-ELISA formats

Leaf antigen 
(SO ngm l')

Treatment 
(50 mM)

Absorbance at 405 nm
PAb-EVl PAb-CHT PAb-pGLU

T-78 UH 0.795 ± 0.03 0.484 ±0.01 0.323 ± 0.05
UI 0.875 ± 0.03 0.586 ±0.11 0.525 ± 0.04
TH 0.816 ±0.04 0.662 ± 0.05 0.575 ±0.01
TI 0.299 ± 0.05 0.772 ± 0.07 0.611 ±0.05

UP-9 UH 0.689 ± 0.05 0.438 ± 0.01 0.329 ±0.06
UI 0.808 ± 0.04 0.618 ±0.03 0.459 ±0.07
TH 0.789 ± 0.04 0.699 ±0.07 0.418 ±0.03
TI 0.295 ± 0.07 0.869 ± 0.07 0.580 ±0.06

TV-18 UH 0.732 ± 0.06 0.447 ± 0.06 0.313 ±0.01
UI 0.835 ± 0.03 0.679 ± 0.03 0.563 ± 0.03
TH 0.726 ± 0.06 0.774 ± 0.03 0.618 ± 0 . 0 2

TI 0.288 ± 0.04 0.989 ±0.12 0.687 ± 0.02
E. vexans 1.690 ±0.06 ND ND
Chitinase ND 1.380 ±0.01 ND
Laminarinase ND ND 1.290 ±0.07
Note: Results are average 
after inoculation with E. 
Untreated inoculated, TH-

of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h
vexans; IgG concentration 40 ^g ml '; UH-Untreated healthy, UI-
■ Treated healthy and TI- Treated inoculated
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Table 44. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in
Salicylic acid treated tea plants following inoculation with E. vexans using
PTA-ELISA formats

Leaf antigen 
(50 îg ml'^)

Treatment 
(15 mM)

Absorbance at 405 nm
PAb-EVl PAb-CHT PAb-BGLU

T-78

UP-9

TV-18

UH
UI
TH
TI
UH
UI
TH
TI
UH
UI
TH
TI

E. vexans 
Chitinase 
Laminarinase

0.725 ± 0.05 
0.839 ± 0.06 
0.701 ±0.06 
0.217 ±0.06 
0.675 ± 0.03 
0.813 ±0.05 
0.677 ± 0.06 
0.229 ± 0.08 
0.715 ±0.07 
0.824 ± 0.01 
0.741 ±0.08 
0.261 ± 0.05 
1.859 ±0.02

ND
ND

0.498 ± 0.03 
0.595 ± 0.06 
1.734 ±0.04 
2.993 ± 0.05 
0.479 ±0.05 
0.867 ± 0.03 
1.034 ±0.05 
2.121 ±0.04 
0.464 ±0.01 
0.759 ± 0.07 
1.211 ± 0.01 
2.321 ±0.07

ND
1.435 ±0.05

ND

0.379 ± 0.04 
0.502 ± 0.06 
0.982 ± 0.01 
1.789 ±0.05 
0.384 ± 0.08 
0.586 ± 0.05 
0.601 ± 0.05 
1.856 ±0.04 
0.356 ±0.01 
0.550 ±0.05 
1.082 ±0.07 
1.956 ±0.10

ND
ND

1.274 ±0.06
Note: Results are average of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h 
after inoculation with E. vexans; IgG concentration 40 ^g ml''; UH-Untreated healthy, UI- 
Untreated inoculated, TH- Treated healthy and TI- Treated inoculated

Table 45. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in 
Biocrop treated tea plants following inoculation with E. vexans using 
PTA-ELISA formats

Leaf antigen Treatment Absorbance at 405 nm
(50 fig ml'*) ( 1 0  %) PAb-EVl PAb-CHT PAb-pGLU

T-78 UH 0.783 ± 0.08 0.449 ±0.05 0.383 ± 0.01
UI 0.890 ±0.10 0.553 ± 0.02 0.513 ±0.03
TH 0.742 ± 0.06 1.521 ±0.08 0.956 ± 0.02
TI 0 . 2 1 0  ±0.06 2.153 ±0.03 1.137±0.10

UP-9 UH 0.635 ±0.10 0.472 ± 0.06 0.323 ± 0.04
UI 0.813 ±0.02 0.621 ± 0.08 0.427 ± 0.02
TH 0.709 ± 0.03 1.487 ±0.03 0.854 ± 0.05
TI 0.294 ± 0.06 2 . 1 2 1  ± 0 . 0 1 1.099 ±0.04

TV-18 UH 0.764 ± 0.05 0.486 ±0.11 0.367 ± 0.05
UI 0.845 ±0.10 0.691 ±0.02 0.574 ± 0.02
TH 0.675 ±0.01 1.426 ±0.05 0.896 ± 0.05
TI 0.208 ± 0 . 0 1 2.275 ±0.01 1.100 ±0.03

E. vexans 1.874 ±0.02 ND ND
Chitinase ND 1.465 ±0.08 ND
Laminarinase ND ND 1.246 ±0.03

Note: Results are average of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h
after inoculation with E. vexans; IgG concentration 40 ^g ml''; UH-Untreated healthy, UI-
Untreated inoculated, TH- Treated healthy and TI- Treated moculated
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Table 46. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in
C. roseus treated tea plants following inoculation with E. vexans using
PTA-ELISA formats

Leaf antigen Treatm ent 
(50 ixg ml~ )̂ (0.4 %)

Absorbance at 405 nm
PAb-EVl PAb-CHT PAb-PGLU

T-78

UP-9

TV-18

E. vexans 
Chitinase 
Laminarinase

UH
UI
TH
TI
UH
UI
TH
TI
UH
UI
TH
TI

0.765
0.879
0.752
0.203
0.664
0.854
0.758
0.201
0.723
0.848
0.695
0.256
1.974

± 0.01
±0.03
±0.08
±0.08
±0.08
± 0.01
±0.04
±0.05
±0.05
±0.04
± 0.01
±0.04
± 0.12

ND
ND

0.494 ± 0.05 
0.565 ± 0.03 
1.012 ±0.05 
1.253 ±0.03 
0.487 ±0.01 
0.692 ±0.03 
1.123 ±0.02 
1.501 ±0.01 
0.446 ±0.01 
0.611 ±0.04 
0.992 ±0.01 
1.104 ±0.08

ND
1.454 ±0.04

ND

0.342 ± 0.03 
0.589 ±0.04 
0.821 ±0.03 
0.987 ±0.02 
0.348 ± 0.05 
0.480 ±0.03 
0.612 ± 0 . 0 1  

0.884 ±0.04 
0.370 ±0.07 
0.598 ±0.07 
0.749 ±0.01 
0.835 ± 0.01

ND
ND

1.383 ±0.08
Note: Results are average of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h 
after inoculation with E. vexans; IgG concentration 40 ng ml’’; UH-Untreated healthy, UI- 
Untreated inoculated, TH- Treated healthy and TI- Treated inoculated

Table 47. Immunodetection of pathogen and PR-proteins (PR-3 and PR-2) in 
A. indica treated tea plants following inoculation with E. vexans using 
PTA-ELISA formats

Leaf antigen Treatm ent Absorbance at 405 nm**
(5 0 ^ g m r ') (0.4 %) PAb-EVl PAb-CHT PAb-3GLU

T-78 UH 0.782 ±0.01 0.488 ± 0.03 0.349 ± 0.02
UI 0.885 ± 0.04 0.562 ± 0.08 0.504 ±0.04
TH 0.827 ± 0.04 0.745 ± 0.04 0.618 ±0.06
TI 0.298 ± 0.01 1.168 ± 0 . 0 2 0.785 ± 0.02

UP-9 UH 0.615 ±0.06 0.402 ±0.01 0.320 ± 0.06
UI 0.839 ± 0.03 0.621 ± 0 . 0 1 0.460 ±0.01
TH 0.800 ± 0.03 0.701 ±0.04 0.662 ± 0.04
TI 0.213 ±0.01 0.999 ± 0.02 0.792 ± 0.03

TV-18 UH 0.726 ± 0.08 0.491 ± 0.05 0.343 ± 0.04
UI 0.857 ±0.08 0.626 ± 0.08 0.593 ±0.12
TH 0.773 ± 0.07 0.891 ±0.04 0.712 ±0.04
TI 0.203 ± 0.06 1.292 ±0.02 0.892 ± 0.04

E. vexans 1.797 ±0.12 ND ND
Chitinase ND 1.322 ±0.11 ND
Laminarinase ND ND 1.254 ±0.07
Note: Results are average 
after inoculation with E. 
Untreated inoculated, TH-

of three replicates, ± S.E.; Values recorded in pre-treated plants 24 h
vexans; IgG concentration 40 ng ml '; UH-Untreated healthy, UI-
■ Treated healthy and TI- Treated inoculated
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4.12.3. Changes in antifungal phenolics (pyrocatechol)

Following studies related to changes in levels of phenolic enzymes, 

extractable pyrocatechol (antifungal compound) from treated tea plants (T-78) 

following inoculation with E. vexans was analysed. Hexaconazole and salicylic acid 

were selected for inducer treatments. Partially purified (preparative TLC) 

pyrocatechol extracted from the treated and inoculated plants were frirther analysed 

by UV-Spectrophotometer (Shimadzu 160). The extracts obtained absorption maxima 

at 274 nm. Quantification of the antifungal compound pyrocatechol was done from 

the UV-Spectrophotometric curve considering the molar extinction co-efFicient of 

authentic pyrocatechol 6000 at 274 run (Table 48). Salicylic acid treated plants 

revealed a peak higher than hexaconazole treated plants, in relation to control. 

However following inoculation with E. vexans, hexaconazole treated plants displayed 

a high peak (Figure 18).

Table 48. Quantification of pyrocatechol from tea (T-78) triggered by E. vexans 
following treatm ent with abiotic inducers

Treatm ent Pyrocatechol 
g'  ̂ fresh tissue)

Healthy Inoculated ^
Untreated 65.8 ±1.2 345.5 ± 5.2

Treated Hexaconazole (0.1 %) 248.0 ±5.8 672.2 ±5.1

Salicylic acid (15 mM) 121.3 ±2.6 521.6 ±4.8

Note: Results are average of three experiments; ® Quantification was done 48 h after 
inoculation with E. vexans, ts-£ ■
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Figure 18. UV - Spectrophotometric analyses of antifungal phenolics (pyrocatechol) 
of tea triggered by E. vexans following treatment with abiotic inducers.
[U- untreated, H- healthy. I- inoculated, HX- hexaconazole, SA- salicylic acid.]
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4.13. Induction of PR-proteins in suspension-cultures of tea cells by 

treatment with biotic and abiotic elicitors

4.13.1. Tea cell cultures

Initially, shoot tips, juvenile nodal segments with dormant axillary buds, 

young stem segments as well as immature cotyledons that are commonly used as 

explants for tea micropropagation were considered. Among these the stem segments 

were found to be most ideal for this study as apart from being readily available during 

all seasons these explants produced calli fast with very low contamination rates. The 

most common basal medium -  Murashige and Skoog (MS) -  was used for generation 

of calli from the young stem segments of twenty two tea varieties (AV-2, BS- 

7A/1/76, RR-17, T-135, HV-39, T-78, T-17/1/54, TS-449, UP-2, UP-8 , UP-9, UP-17, 

BSS-1, BSS-2, BSS-3, TV-9, TV-18, TV-20, TV-22, TV-23, TV-25 and TV-30). 

Among the different growth regulators addition of 6 -benzylaminopurine (2 mg L'*) 

and indole-3-butyric acid (4 mg L"') in the culture medium suited well for tea stem 

callus initiation. Surface sterilization of the explants using 2 % sodium hypochlorite 

solution effectively checked most of the explant-bome contaminants. For reducing 

phenolic exudation from cultures, pretreatments like agitating with 0.7 % PVP-10 

solution and rinsing in running tap water were more or less successfiil. Regarding 

semi-solid or liquid culture media, fiill-strength MS-medium was the most suitable. 

The segments were incised diagonally and inserted in the medium under sterile 

conditions. The cultures were incubated (26 ±2 °C and photoperiod of 16 h) and 

monitored carefully. The tips if the segments started swelling within a week and 

friable callus was observed after 2-4 wk of inoculation, which gradually increased in 

size (Plate 31). Both semi-solid and liquid media were effective for tea callus 

production.

Suspension cell cultures of the tea varieties were initiated from such fragile 

callus. The calli were weighed on fresh weight basis (5 g) and added to MS-liquid 

medium ( 1 0 0  ml) for propagation of suspension cultures and incubated in the dark. 

Thus the obtained cell suspension cultures (4 to 6  day-old) were treated with biotic 

and abiotic elicitors which include E. vexans, salicylic acid (SA) and jasmonic acid 

(JA) for elicitation of PR-proteins (PR-2 and PR -3).



187

TS-449 UP-17 TV-20

Plate 31. Friable calli from stem segments of tea varieties.
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Elicitor-inducible, antiftingal PR-proteins may have great potential for 

effective protection against pathogens. Such PR-proteins have not yet been 

characterized in tea cultxires. Hence, attempts were made to assess whether the PR-2 

and PR-3 proteins could be induced in tea by biotic (£. vexans) and abiotic (SA and 

JA) elicitors. For treatment with biotic and abiotic elicitors the cell cultures were used 

3 days after subculturing. Two milliliter-fractions of the cultures were transferred to 

25 ml flasks containing 10 ml of fresh liquid MS-medium supplemented with 

appropriate amount of the elicitor, and filter sterilized before adding to the medium. 

Cells were incubated in the dark on a shaker before sampling. After the desired period 

of incubation the cells were harvested. For extraction of PR-proteins the cultures were 

filtered through a nylon mesh and placed between folds of blotting paper to remove 

excess moisture, and then fresh weight was taken. The material was then ground in 

the appropriate extraction buffer (3 ml g'' fresh tissue) using a mortar and pestle. 

Following elicitation, the enzymes chitinase (PR-3) and P-l,3-glucanase (PR-2) in the 

tea-culture cells were characterized biochemically as well as immunologically by 

probing with PAb-chitinase and PAb-P-l,3-glucanase. All experiments were repeated 

thrice.

4.13.1.1. Induction by^". vexans

Tea cell suspension cultures were treated with basidiospores of E. vexans for 

elicitation of PR-proteins. Cell cultures treated with sterile distilled water only served 

as control. After an interval of 12 and 24 h the cell cultures were harvested and 

characterized. When the suspension cultured tea cells were treated with E. vexans, the 

chitinase and p-l,3-glucanase activity increased in comparison to control 

(Figures 19 A B). However, chitinase activity was more rapid in comparison to 

P-l,3-glucanase activity and consistently increased in the elicitor treated cells 

throughout the experimental period of 24 h. Enzyme levels were low in susceptible 

varieties whereas a five-fold increase in activity occurred 24 h after elicitor treatment 

in the resistant varieties (T-17/1/54, BSS-3 and TV-30). Thus, elicitation with 

E. vexans altered the levels of the enzymes by increasing their accumulation in 

comparison to control plants (Tables 48 & 49).
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Figure 19 (A & B). Induction of PR-proteins in suspension tea cells in response to 
biotic and abiotic elicitor treatment.
[EV- E. JA-jasmonic acid, SA- salicylic acid]
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4.13.1.2. Induction by salicylic acid (SA)

In the elicitor system developed for salicylic acid (15 mM) and suspension- 

cultured tea cells, salicylic acid was found to elicit chitinase and P-l,3-glucanase 

activity in tea cells. The response of suspension cells to the elicitor treatment 

indicated more significant chitinase activity in comparison to P-l,3-glucanase activity 

(Figures 19 A & B). The activities o f the enzymes were assayed in cells harvested 

after an interval of 12 and 24 h of treatment with SA and a consistent increase was 

observed in the elicitor treated cells (Tables 49 & 50). Elicitation of the PR-proteins 

by SA was found to be significantly higher than E. vexam  (biotic) in all varieties 

tested. Resistant varieties always showed higher levels of enzyme activity in 

comparison to the susceptible ones.

Table 49. Alteration in the levels of chitinase (PR-3) in suspension cell cultures of 
tea varieties following biotic and abiotic treatment

Variety Time
Course

Chitinase activity (mg GlcNAc g'^ leaf tissue h'*)

(h) Control E. vexans Jasmonic 
acid (0.5 |aM)

Salicylic acid 
(15 mM)

TV-30 1 2 0 . 2 2 1  ± 0 . 0 2 0.401 ±0.03 0.471 ±0.09 0.689 ±0.12
24 0.241 ±0.09 0.534 ±0.03 0.644 ±0.01 0.888 ± 0.07

RR-17 1 2 0.229 ±0.01 0.474 ±0.01 0.528 ±0.03 0.712 ±0.03
24 0.237 ±0.01 0.627 ±0.01 0.685 ± 0.01 1.012 ±0.09

TS-449 1 2 0.271 ±0.02 0.510 ± 0 . 1 0 0.413 ±0.01 0.748 ± 0.04
24 0.284 ± 0.07 0.641 ±0.03 0.555 ± 0.06 1.104 ±0.12

BS-7A/1/76 1 2 0.264 ± 0.01 0.525 ±0.01 0.521 ±0.05 0.579 ±0.04
24 0.275 ± 0.06 0.699 ± 0.02 0.819 ±0.05 0.985 ±0.11

BSS-3 1 2 0.312 ±0.07 0.371 ±0.01 0.411 ±0.02 0.644 ±0.10
24 0.319 ±0.09 0.477 ±0.04 0.525 ±0.10 0.756 ±0.12

AV-2 1 2 0.268 ± 0.04 0.469 ± 0.09 0.429 ±0.04 0.723 ±0.12
24 0.264 ± 0.07 0.671 ±0.01 0.602 ± 0.05 I.2 1 1 ± 0 . 1 2

TV-26 1 2 0.364 ± 0.03 0.432 ± 0.03 0.547 ±0.01 0.590 ±0.01
24 0.371 ±0.01 0.572 ± 0.07 0.702 ± 0.09 0.911 ±0.05

UP-2 1 2 0.341 ±0.08 0.331 ±0.01 0.581 ±0.02 0.613 ±0.10
24 0.352 ± 0.07 0.497 ± 0.08 0.632 ±0.12 0.823 ± 0.09

TV-25 1 2 0.334 ± 0.08 0.582 ± 0.08 0.423 ± 0.05 0.656 ± 0.05
24 0.336 ± 0.09 0.673 ±0.10 0.697 ± 0.07 0.901 ±0.04

TV-9 1 2 0.463 ± 0.07 0.511 ±0.02 0.521 ±0.02 0.613 ±0.02
24 0.475 ± 0.05 0.623 ± 0.03 0.611 ±0.04 1.081 ±0.07

HV-39 1 2 0.491 ±0.06 0.689 ±0.07 0.621 ± 0 . 1 0 0.881 ± 0 . 0 2

24 0.494 ± 0.02 0.723 ± 0.07 0.716 ±0.07 1.117 ±0.03

Note: Results are average of three experiments 5'
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4.13.1.3. Induction by jasmonic acid (JA)

The elicitation of chitinase (PR-3) and p-l,3-glucanase (PR-2) by cultured 

cells of tea under the influence of jasmonic acid (0.5 pM) was studied. Enzyme 

activities were enhanced in cultured cells after 24 h of treatment with JA compared 

to untreated control cells (Figures 19 A & B). Elicitation of both PR-2 and PR-3 was 

lesser than induction by SA in all tested varieties. Nevertheless enzyme levels in 

resistant varieties were higher than susceptible ones.

Table 50. Alteration in the levels of p-l^-glucanase (PR-2) in suspension cell 
cultures of tea varieties following biotic and abiotic treatment

Variety Time
Course
(h)

P-l,3-glucanase (^g Glucose g'* leaf tissue min'*)

Control E. vexans Jasmonic 
acid (0,5 nM)

Salicylic acid 
(15 mM)

TV-30 1 2 25.1 ±0.9 42.1 ±0.5 72.2 ± 1.2 60.1 ± 0 . 2

24 27.3 ± 1.0 52.7 ±1.1 82.1 ±0.5 87.2 ±0.1
RR-17 1 2 30.4 ± 1.0 63.0 ± 0.9 69.4 ± 0.2 74.1 ±0.7

24 31.6 ± 1.2 77.4 ± 0.5 85.6 ± 1.5 91.3 ± 1.7
TS-449 1 2 24.7 ± 0.8 58.2 ±0.8 41.7 ±0.7 69.4 ± 0.6

24 26.8 ± 0.5 65.7 ±1.0 59.6 ± 0.8 75.6 ± 1.2
BS-7A/1/76 1 2 36.9 ±1.3 52.1 ± 1.1 51.8 ±0.6 6 8 . 1  ± 0 . 6

24 37.1 ± 1.0 67.7 ±0.9 72.1 ±1.8 89.7 ± 0.9
BSS-3 1 2 33.3 ±1.5 55.2 ±0.9 60.5 ±0.6 82.1 ± 0 . 8

24 34.6 ±0.8 64.8 ± 0.8 88.1 ±1.3 98.8 ± 0.8
AV-2 1 2 32.7 ±0.6 40.7 ± 0.6 58.1 ± 1.5 79.9 ± 0.8

24 32.8 ± 0.8 52.8 ±0.9 82.3 ± 0.9 97.4 ± 0.9
TV-26 1 2 25.1 ±0.6 40.3 ± 0.8 48.1 ±0.6 77.7 ±0.9

24 27.3 ± 1.0 51.3 ± 1.0 65.7 ±0.8 84.5 ± 1.3
UP-2 1 2 30.4 ± 0.7 48.1 ± 1.0 41.2 ±0.7 76.9 ± 1.2

24 31.6 ±0.6 62.7 ± 0.9 54.8 ± 0.6 89.5 ± 1.5
TV-25 1 2 33.7 ± 1.5 52.8 ± 1.5 57.9 ± 1.5 66.4 ± 1.4

24 35.9 ±0.9 67.9 ± 0.8 62.1 ±0.9 82.1 ±0.9
TV-9 1 2 27.9 ±0.2 41.8 ±0.7 50.3 ± 1.4 71.3 ± 1.4

24 29.0 ± 1.0 58.1 ±0.6 65.5 ±0.9 87.8 ± 0.9
HV-39 1 2 34.1 ±0.2 57.0 ±0.6 53.4 ±1.3 68.4 ± 1.1

24 33.7 ±0.2 66.5 ± 1.4 61.0± 1 . 0 80.2 ± 1 .0

Note: Results are average of three experiments, 5-B.



4.13.2. Western blot analysis of elicitor induced PR-proteins in cultured tea cells

PR-proteins were detected in cultured tea cells harvested after 24 h of 

treatment with E. vexans as well as with SA and JA. Western blot analysis of 

E. vexans treated tea cells (Plate 32 B) revealed presence of three proteins with 

apparent molecular weights of 14, 20 and 61 kDa that reacted with the chitinase 

antibody and two proteins of ca.33 and 17 kDa with the antibody of p-l,3-glucanase. 

Among them, the 20 and 61 (PAb-CHT) 33 (PAb-pGLU) bands were most 

prominent. In the untreated control tea cells these bands could not be detected. 

However, two minor bands, which were not observed in elicitor-treated cells, were 

seen in control lanes. A group of two PR-3 proteins was detected in all treatments, 

while a 20 kDa protein was only in detected treated cells.

4.13.3. Immunolocalization of defense enzymes in cultured tea cells treated with 

abiotic elicitors

The PR-proteins chitinase (PR-3) and P-l,3-gIucanase (PR-2) were 

immunolocalized in the cultured tea cells (susceptible: T-135 and T-78) by probing 

with PAbs raised against chitinase and p-l,3-glucanase separately followed by 

labelling with fluorescein isothiocyanate (FITC). A 100 (xl fraction each of salicylic 

acid (SA) and jasmonic acid (JA) treated celL cultures were taken in Eppendorf tubes, 

diluted 1:10 with distilled water and treated with polyclonal antibodies- PAb-CHT 

and PAb-PGLU (1:10). The antibodies specifically located their respective antigens in 

the ceils and accumulation of the enzymes was evident from the fluorescence emitted 

after FITC-labelling of the treated cultures. Fluorescence in the cultures was displayed 

along the cell walls, which was more intense in the salicylate treated cells probed with 

PAb-CHT (Plate 32, fig. C) than probed with PAb-GLU (Plate 32, fig. D). Cells 

treated with jasmonate and probed with PAb-CHT and PAb-GLU showed less 

recognition (Plate 33, figs. A -  D). As for antibody treatment, PAb-chitinase treated 

cultures revealed bright apple green fluorescence whereas PAb-p-l,3-gIucanase 

treated cultures exhibited yellow fluorescence. Enzyme-labelled accumulation was 

demonstrated in both resistant and susceptible varieties. Elicitation of phenolic 

substances exhibited as red coloured compounds in the cells was noticed more in 

some of the Tocklai varieties than UPASI ones.
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Plate 32 (figs. A - D). Western blot analyses [A & B] of elicitor induced 
PR-proteins and immunofluorescence [C & D] of salicylic acid treated tea 
(T-135) cell cultures probed with PAb-chitinase [A, B & C] and PAb-p-1,3- 
glucanase [D].
[C- control, AZ- A. indica, CR, C. roseus, HX, hexaconazole, SA- salicylic acid, BC- biocrop, 
JA-jasmonic acid, EV- E. vexans]
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C I D
Plate 33 (figs. A - D). Immunofluorescence of jasmonic acid treated tea cell 
cultures probed with PAb-chitinase [A & B] and PAb-|3-l,3-glucanase 
[C & D]. T-135 [A& C]; T-78 [B & D].



4.14. Cellular localization of chitinase in tea leaf tissues following

abiotic treatments

Tea plants were induced with abiotic elicitors such as salicylic acid,

hexaconazole and phytoextracts of Azadirachta indica and Catharanthus roseus. In

the previous experiments it has been established that these inducers effectively 

enhance the levels of defense enzymes. It was noticed that chitinase was significantly 

enhanced in the treated plants and P-l,3-gIucanase induction was not very significant 

as also observed in suspension cell cultures of tea. Keeping this in view

immunofluorescence studies were conducted to localize chitinase (PR-3) at the

cellular level in tea leaf tissues (TV-18, T-135, T-78, BSS-2) following induction.

Cross sections of the leaf tissues were treated separately with normal 

antiserum and PAb-chitinase. Leaf sections exhibited a natural autofluorescence under 

UV-light but that was not characteristic of FITC fluorescence. Observations in the 

treatment with normal antiserum were the same. When the cross sections of healthy 

and treated leaves were incubated with PAb-chitinase and labelled with FITC strong 

fluorescence was observed in the treated leaves. Bright apple green fluorescence was 

evident in the epidermal and homogenously in mesophyll tissues. PAb-chitinase was 

most reactive with leaf sections of salicylic acid treated plants (Plate 34, figs. A & B). 

In healthy leaves fluorescence was limited to the epidermis and certain elements like 

sclereids (Plate 35, fig. A). Fluorescence was also exhibited in hexaconazole treated 

plants which was distributed throughout the mesophyll tissues (Plate 35, figs. B & C). 

Observations also revealed enhancement of chitinase in the leaf tissues following 

induction with the phytoextracts which was more intense in C. roseus (Plate 36, fig.B) 

than A. indica (Plate 36, fig. A) induced plants. Interestingly, along with the PR- 

protein, chitinase, induction of phenolics, exhibited as red coloured compounds, in the 

cells was also evident in sections of tea leaf tissues treated with hexaconazole and the 

phytoextracts. So positive reaction with FITC occurred in cellular localization 

experiments and gave indications of the induction of chitinase (PR-3) in tea leaf 

tissues following induction with abiotic elicitors.
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Plate 34 (figs. A & B). Fluorescent antibody staining of tea leaf tissues treated
with salicylic acid and probed with PAb-chitinase. T-78 [A], T-135 [B].
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Plate 35 (figs. A & B). Fluorescent antibody staining of tea leaf tissues
treated with hexaconazole and probed with PAb-chitinase. Untreated healthy
[A],T-135[B],TV-18[C],



Plate 36 (figs. A & B). Fluorescent antibody staining of tea leaf (BSS-2)
tissues treated with phytoextracts. Azadirachta indica [A] and Catharanthus
roseus [B].
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4.15. Immunogold localization of PR-2 in tea plants induced by 

Salicylic acid

Tea plants were treated with salicylic acid in order to induce resistance. 

Induction of defense enzymes in treated plants as well as treated inoculated plants was 

evident when these were assayed in the previous experiments. Besides, the PTA- 

ELISA formats also confirmed that in the salicylic acid treated plants infection was 

less, as absorbance values were significantly low. Indirect immunofluorescence of 

salicylic acid treated leaf tissues also gave bright apple green fluorescence in 

mesophyll tissues. Hence, it was interesting to locate these defense proteins in ultra 

thin sections of tea leaves treated with salicylic acid and then probed with PAb raised 

against P-l,3-glucanase. Healthy leaf tissues when probed with PAb-P-l,3-glucanase 

exhibited some deposition which has been described earlier.

Salicylic acid induced the deposition of P-l,3-glucanase (PR-2) systemically 

in the cells. Accumulation of P-l,3-glucanase in treated tea plants was observed in 

cell walls and extracellular spaces. The results were compared with untreated control 

plants. Microscopic examinations revealed labelling corresponding to P-l,3-glucanase 

deposition both in control and salicylic acid treated plants but the response was weak. 

Similar to pathogens, as shown earlier, salicylic acid induced accumulation of 

P-l,3-glucanase (Plate 37, figs. A - C.) in cell walls. After salicylic acid treatment, 

P-l,3-glucanase accumulated prevalently in the cells (Plate 38, figs. A - C) but the 

response was not so strong. Tissue cross-sections from the healthy, as well as the SA 

treated plants incubated with pre-immune serum instead of primary antibodies did not 

show any labelling.
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Plate 37 (figs. A - C). Transmission electron micrographs of
immunogold labelled salicylic acid treated tea leaf tissues probed
with PAb of |3-1,3-glucanase.
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Plate 38 (figs. A - C). Transmission electron micrographs of
immimogold labelled salicylic acid treated tea leaf tissues probed
with PAb of P-1,3-glucanase.
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4.16. Immunogold localization o f PR-3 in tea plants induced by 

Salicylic acid

The accumulation of chitinase (PR-3) was investigated on cross sections of tea 

leaves of plants treated with the inducer of SAR, salicylic acid (SA). The results were 

compared with untreated control plants. Microscopic examinations revealed intense 

labelling corresponding to chitinase deposition in SA treated plants. Comparing to 

pathogen induced accumulation the gold labelled cells were found more regularly 

through the cell walls and extracellular spaces. The deposition of the chitinase, not 

P-l,3-glucanase, was found predominantly in cellular compartments. Gold labelling in 

the sections showed a high amount of labelling in chloroplasts and host cytoplasm and 

lesser amount in vacuoles, mitochondria and walls. Similarly to the pathogen, 

salicylic acid induced chitinase also in areas distant from infected cells it is likely that 

the chitinase is induced in a systemic maimer. In healthy untreated plants, labelling 

studies with specific chitinase antibodies often revealed constitutive presence of 

chitinase. Immunohistology controls were run in parallel and treated with pre-immune 

serum instead of primary antibodies.

Different degrees of labelling were observed in the salicylic acid-induced 

plants with PR-2 and PR-3 antisera. In PR-3 treated tissues, gold particles were 

predominantly localized. In tissues treated with PR-3 antiseaim uniform distribution 

of gold labelling was o b served /Plates 39 and 40).

Thus, PR-2 antiserum showed lesser labelling associated with the cell wall and 

material filling intercellular spaces o f parenchyma tissues as compared to PR-3 

antiserum. A few gold particles were also deposited over secondary thickenings of 

xylem vessels. The extracellular localization of these hydrolases (chitinase and 

P-l,3-glucanase) suggests the potential of salicylic acid for protection of tea against 

foliar diseases. However, comparing to CHT, p-GLU was not so strongly induced by 

salicylic acid (or either by E. vexans).
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Plate 39 (figs. A-F). Transmission electron micrographs of immimogold labelled
salicylic acid treated tea leaf tissues probed with PAb of chitinase. [B & C and E & F-
magnified views of A and D respectively].



Plate 40 (figs. A & B). Transmission electron micrographs of immimogold 
labelled salicylic acid treated tea leaf tissues probed with PAb of chitinase.
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One of the most complex biological processes occurring in nature is host parasite 

interaction both at the cellular and sub-cellular level. If the microorganism is successful, 

disease is the end result; but more often than not, the host emerges as the winner as the 

invader is successfully warded off. Plants therefore have highly well developed defence 

mechanisms that enable them to defend themselves against penetration, intracellular 

growth and the development of parasites in their tissues. In nature plants have evolved 

multicomponent coordinated mechanisms by which they can defend themselves against 

the multitude of organisms attacking them. Resistance to disease in plants is associated 

with preformed and or inducible compounds, which may function in defense against 

disease (Broekaert, 2000; Rivera, 2002).

The versatile multicomponent defense is adequate to provide them protection 

against most of their potential pathogens; only a few of them can overcome this defense 

and cause disease (Sinha, 1995). Just before or concomitant with the appearance of a 

hypersensitive reaction is the increased synthesis o f several families o f pathogenesis- 

related (PR) proteins in the inoculated plants (Van Loon, 1985). Many of these proteins 

have been shown to exhibit antimicrobial activity either in vitro or in vivo (Datta and 

Muthukrishnan, 1999). Among these are the hydrolytic enzymes p-l,3-glucanases (PR-2; 

PGLU; E.C. 3.2.1.39.), which are capable of hydrolyzing the p-l,3-glucans found in the 

cell walls of several genera of fiingi. Induction of P-l,3-glucanases has been 

demonstrated in many plant-fimgal pathogen interactions (Joosten and De Wit, 1989; 

Kim and Hwang, 1994; Kemp et al., 1999; Kini et al., 2000) and they are thought to play 

several roles in plant defense. Firstly, they can degrade the cell wall of the pathogen or 

disrupt its deposition, contributing to pathogen death (Mauch et al., 1988). Secondly, 

they can also release cell wall fragments that act as elicitors of active host defense 

response (Yoshikawa et al., 1993). The chitinases (PR-3; CHT; E.C. 3.2.1.14.) catalyze 

the hydrolysis of chitin, a linear homopolymer of p-l,4-linked N-acetylglucosamine 

residues. Higher plants do not contain chitin or P-l,3-glucans, or any other known 

endogenous substrate for chitinases and p-l,3-glucanases. However, chitin and P-1,3-
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glucans are major components in the cell wall of many fungi and are target substrates for 

plant chitinases and p-l,3-glucanases (Tyagi et a i, 2001).

Another enzyme of interest with known defensive properties is peroxidase (PR-9; 

POX; E.C. 1.11.1.7.)- The plant cell wall also constitutes one of the first lines of defense 

against pathogen invasion, and peroxidases are key enzymes in the wall-building 

processes. These processes include peroxidase-mediated oxidation of hydroxyc^am yl 

alcohols into free radical intermediates, phenol oxidation, polysaccharide cross-linking, 

crosslinking of extension monomers, lignification, and suberization. Although direct 

involvement of any one type of peroxidase in defense has not been demonstrated 

conclusively, extracellular or wall-bound peroxidases have been proposed to enhance 

resistance by the construction of a cell wall barrier that may impede pathogen ingress and 

spread. The accumulation of cell wall-strengthening materials following infection might 

be expected to correlate with enhanced resistance (Chittoor et a l, 1999).

Peroxidase activity produces the oxidative power for cross-linking of proteins and 

phenylpropanoid radicals resulting in reinforcement of cell walls against attempted fungal 

penetration (Huckelhoven et a l, 1999; Kristensen et al., 1999). High levels of H2O2 

trigger HR, while lower levels induce the accumulation of transcripts encoding 

antioxidant enzymes. Since high levels of H2O2 also preclude HR, peroxidase activity 

may modulate HR by altering the concentration of available H2O2 (Kruger et a l, 2003). 

In higher plants, the hypersensitive reaction occurs as an expression of incompatibility 

between a host plant and a specific pathogen. The occurrence of chlorotic and or necrotic 

flecking on disease resistant plants is usually typical o f an HR; resulting from interaction 

between corresponding genes for resistance, plants contain genes encoding for proteins 

as=- part of the natural defense response of the plant and usually accompany HR (Bowles, 

1990). hi addition to the localized HR, many plants respond to pathogen infection by 

activating defenses in uninfected parts of the plant (systemic acquired resistance, SAR). 

As a result, the entire plant is more resistant to a secondary infection. SAR is long lasting 

and confers broad-based resistance to a variety of different pathogens. The synthesis of 

antimicrobial products, including phytoalexins and pathogenesis-related (PR) proteins, 

correlates well with the development of both HR and SAR.
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Today tea is the most prominent drink of the world, and India is the world's 

largest producer and consumer of tea. Darjeeling tea is the best and most expensive in the 

world due to its superior flavor and unique aroma but when the plant succumbs to 

epidemics like blister blight crop loss is severe and tea produced from such leaves is of 

inferior quality. The obligate biotrophic fungus Exobasidium vexans is the sole cause of 

blister blight of tea, a disease characterized by white velvety blisters, developing mainly 

on the ventral and rarely on the dorsal leaf surfaces of tender leaves and the stem. There 

are no known alternate hosts and its lifecycle is completed on tea itself The disease was 

described and identified as a fungus belonging to the class Basidiomycetes under the 

order Exobasidiales (Hawksworth et a i,  1983). Substantial progressive decline in 

theaflavins, thearubigins, caffeine and high-polymerized substances as well as brightness, 

briskness and total liquor colour occurs in severe infection. The total nitrogen, soluble 

nitrogen, and amino acid content were also affected with increasing severity of the 

disease (Chandra Mouli, 2003).

Research concerning the significance and expression of induced resistance in tea 

plants in their systemic parts is lacking. Clearly, a better understanding of the defense 

mechanisms underlying this basic function is the need of the hour; hence, it was found 

essential to initiate investigations in this line of research. In this discourse two major 

lines of approach were considered that included (i) application of biochemical and 

immunological techniques to study compatible and incompatible interactions between tea 

plants and Exobasidium vexans and (ii) elucidation of defense responses of tea plants 

triggered by the pathogen with special reference to pathogenesis-related proteins and 

their induction for development of systemic acquired resistance in tea.

At the inception, a brief study on the disease epidemiology was carried out. 

Disease incidence for blister blight was recorded for five years (2000-2004) in the hills 

and plains. In Castleton Tea Estate, the hills, disease incidence was high during July 

through October whereas in Hansqua Tea Estate, the plains, significant disease



appearance commenced in December and disappeared by February during the entire 

study period. Weather parameters such as temperature, relative humidity, rainfall have 

influence on plant disease development. Disease intensity may be forecast by correlating 

the factors that are essential for the establishment of the pathogen in the host and its 

dissemination, with meteorological data for a given period. In the hills, a positive 

correlation was obtained with rainfall and relative humidity. The impact of relative 

humidity, temperature, leaf wetness, light and pH of leaf surface on the development and 

severity of the blister blight disease has also been reported by Agnihothrudu and Chandra 

Mouli (1991). Leaf wetness is the most important factor for the germination of spores. 

Protracted leaf wetness of 11 h is optimum for infection and maximum infection occurs 

after 8 h of leaf wetness. In the plains even at low rainfall the disease incidence was high. 

Though rainfall was low, relative humidity was high. This provided a foggy environment, 

which is again highly favourable for the disease. A thin film of water is more favourable 

for germination and hence when dew is formed in the evening, the spores germinate to 

bring about infection. The disease is very common in areas lying above 700 m above sea 

level and in humid and foggy regions. Survey has shown that the actively sporulating 

blisters occur on tea during bushes in sheltered humid pockets alongside perennial water 

sources, even during the dry weather. The pathogen was also reported to survive on 

necrotic lesions during the off-season (Sugha, 1997; Baby et al., 2001).

In the hills disease incidence showed a positive correlation with maximum and 

minimum temperature however higher temperatures were unfavourable for the pathogen 

in plains. Direct sunlight is lethal to the development of the pathogen. Venkataram 

(1979) found that exposure of basidiospores to UV light of 365 nm for up to 90 min did 

not completely inhibit their germination. At 15, 30 and 45 min of exposure, there was 

only a marginal difference in the rate of germination, but after 60 min of exposure the 

germination fell by 70 percent as compared to 98 percent in the check treatment. 

However the length of the germ tubes decreased markedly, when the spores were exposed 

to more than 30 min of UV radiation. Exclusion of UV-B radiation increased the 

immature stages of infection but has no effect on the sporulation of E. vexans 

(Gunasekera et a l, 1997).
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On microscopic observation, variation in size of the spores collected from the 

three different gardens was noticed. Accordingly, the isolates were designated EV-1 

(Castleton), EV-2 (Hansqua) and EV-3 (Margaret’s Hope). The spores readily germinated 

by producing germ tubes m a pH range of 5.0 -  8.0 at 25 ±2°C. The tips of the germ 

tubes enlarged to form appressoria within 24 h of growth. Pathogens are known to 

produce infective structures that ease the pre- and post penetration processes o f which 

appressoria formation is the first step in establishment of disease and factors affecting 

this process largely decide the fate of the pathogen at initial stages (Purkayastha and 

Menon, 1981). The behaviour o f microorganisms on the plant surface is affected by 

stimulants or inhibitors of fimgal development in infection droplets, by the nature of the 

cuticle, the nature of the substrate and other environmental and cultural factors. It is well 

established that soluble organic and inorganic nutrients exude from uninjured plant 

surfaces and will either support or inhibit the grov^h of the microbial pathogen. 

Appressoria formation is also influenced to a large extent by these factors (Yang and 

Ellingboe, 1972; Emmett and Parbery 1975).

Adhesion of frmgal spores to the plant surface is the first step in committing a 

pathogen to the establishment of disease. Chakraborty et al. (1995a) attempted to 

determine the role of biotic and abiotic factors influencing spore germination, appressoria 

formation of Glomerella cingulata for the development of brovm blight disease in tea. 

Tucker and Talbot (2001) evaluated the involvement of surface-acting proteins and the 

existence of conserved signaling pathways that regulate appressorium formation.

In the present study, basidiospore morphology of E. vexans was observed under 

scanning electron microscope (SEM) that appeared as white spore masses. The spores 

have a mucilaginous sheath and adhere firmly once they lodge on to the leaf surface. One 

function of the adhesion of fungal propagules is to prevent their displacement from the 

host surface, which allows initiation of the infection process. Conidia of Colletotrichum 

graminicola that adhered to com leaves released a material at the interface of the site of 

contact of the conidium with the leaf surface which has been demonstrated by SEM



(Mercure et al., 1995). On the other hand, using SEM, the extent of damage on tea leaf 

surface by blister blight pathogen was also examined. The superficial extent of damage 

was evident by the dense hyphae network of E. vexans in the host cells. Similar studies 

have demonstrated the presence of a fibrous-cottony net or matrix on the surface of 

vegetative hyphae, and ostiolar head fluid of the aggressive isolates of Ophiostoma ulmi 

(Svircev et al., 1988). Using SEM, Kruger et al. (2003) demonstrated the extent of 

Blumeria graminis f  sp. hordei development on each barley genotype through 72 h after 

inoculation.

Plants have mechanisms to keep a homeostatic balance with potential pathogen or 

non-pathogens in the immediate environment. A basic requirement for the proper 

functioning of even a simpler cellular system is communication between its components. 

In this sense, communication means transmitting information to and receiving 

information from the environment, then transforming it to signals or instructions, which 

the cell can understand and respond to. This exchange of information can be mediated by 

soluble agents (transmitters) or by direct cell-cell interaction. It is assumed that 

compatibility and incompatibility are initiated by surface-surface contact (Chakraborty, 

1988). Screening for resistance of thirty tea varieties towards E. vexans was carried out. 

Among these varieties, T-17/1/54, BS-7A/1/76 and BSS-3 exhibited very low infection 

percentages. On the other hand in varieties like T-78, TV-18, T-135, UP-9, BSS-2, UP-2, 

TV-9, UP-3, UP-17 and TV-28 the infection percentage was high. Chandra Mouli (1983) 

has also reported that tea plants differ in their resistance to blister blight.

In recent years, studies have been taken up for detection of the pathogen in host 

tissues by immunological means (Chakraborty and Chakraborty, 2002 ) and 

identification of specific antigens in electrophoretically separated components (Blake 

et al., 1984; Wakeham and White, 1996). The development of serological techniques has 

produced a number of highly sensitive methods for identifying microorganisms in 

diseased plant tissues (Lyons and White, 1992; Werres and Steffens, 1994). These rely on 

the recognition of solid or soluble antigenic materials by antibodies raised against the 

organisms and subsequent use of an enzyme labelling system. The possible involvement
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of cross reactive antigens (CRA) in determining the degree of compatibility has been 

reported by several workers in different host-pathogen systems, viz., potato-Phytophthora 

infestam (Alba and De Vay, 1985), cotton - Verticillium albo-atrum (Charudattan and De 

Vay, 1972), soybean - Macrophomina phaseolina (Chakraborty and Purkayastha, 1983), 

soybean - Myrothecium roridum (Ghosh and Purkayastha, 1990), tea - Bipolar is 

carborum (Chakraborty and Saha, 1994b), groundnut - Macrophomina phaseolina 

(Purkayastha and Pradhan, 1994) and tea - Ustulina zonata (Chakraborty et al., 2002b). 

In the present study serological relationship between E. vexans and tea varieties were 

determined. The potential of ELISA, DIBA and immunofluorescence for screening tea 

germplasm for resistance towards E. vexans and also for early detection of pathogens in 

tea leaf tissues were developed.

Initially, effectiveness of PAbs raised against host and pathogen was confirmed 

by immunodiffusion. IgGs were purified before application in immunoenzymatic assays 

to minimize non-specific binding. Optimization of ELISA was done considering two 

variables - dilution of antigen and antiserum. The PTA-ELISA format was employed for 

the detection of CRA shared between E. vexans and tea. Absorbance value (A405) was 

always higher in susceptible host pathogen combinations than resistant ones. Among the 

thirty varieties tested T-78 was showed highest absorbance value while T-17/1/54 

obtained least. Harrison et al. (1990) also employed the PTA-ELISA technique in 

estimating the amounts of Phytophthora infestans mycelium in potato leaf tissues and 

suggest it’s useful application particularly in screening for resistance programs. The 

results of PTA-ELISA were confirmed by Dot-immunobinding assay (DIBA) in which 

intensity o f the dots widely differed among the varieties artificially inoculated with the 

pathogen. A good correlation was found between the two techniques as resuhs of DIBA 

gave similar level of detection as in PTA-ELISA.

Reciprocal cross reactions involving PAbs of tea varieties (T-17/1/54 and T-78) 

and antigens of host, pathogen {E. vexans), non pathogen (F. oxysporum) and non hosts 

{L. leucocephala, O. sativa, G. max) were also investigated. In PTA-ELISA, little cross- 

reaction was found between the antlsemm raised non-pathogen and the tea varieties



tested. Results were alike between antiseram raised against E. vexans and non-host 

antigen. Linfield (1993) performed similar studies between the antiserum raised to F. 

oxysporum f.sp. narcissi and other common unrelated fiingi and found little cross 

reaction. Whilst this was achieved with PAb, it has also been found that cross-reactivity 

within fungal genera can be achieved with monoclonal antibodies (MAb). Serological 

profiling of the fungal genus Pythium has been worked out at length (Mohan, 1989; 

White et ah, 1994). MAbs and PAbs raised against P. violae and P. sulcatum exhibited 

little binding for the heterologous species but there was extensive, differential cross

reactions between all antibodies and the other Pythium spp. tested.

Early detection of disease is an important requisite for development of 

management strategies. Its implication has been elaborately described by previous 

workers in a range of plant-pathogen systems (Chakraborty et a l, 1996a, b; Chakraborty 

et al., 1997; Chakraborty et ah, 2002b, c). The visible outcome of compatible host 

pathogen interactions have been obtained in many cases before the pathogen could be 

well established in the host tissues. A microtitre immunospore trapping device, which 

uses a suction system to trap air particulates directly by impaction into microtitre wells, 

has been used successfully for the rapid immunodetection and quantification of 

ascospores o f Mycospaerella brassicicola (Wakeham et al., 2000) and conidia of Botrytis 

cinerea (Kennedy et al., 2000).

In accordance with established information, in this investigation also early 

detection of E. vexans could be possible using PTA-ELISA formats. Indirect 

immunofluorescence tests were performed in this study for cellular localization of major 

CRA in tea leaf tissues. Cross sections of healthy tea leaves exhibited a natural bright 

yellow autofluorescence mainly on the cuticle and apple green fluorescence distributed 

mainly over epidermal cells, mesophyll tissue and xylem elements more strongly in 

susceptible (T-78, T-135 and UP-9) tea varieties compared with resistant ones (T- 

17/1/54, BS-7A/1/76 and BSS-3). The cellular location of CRA in tea leaves shared by 

Pestalotiopsis theae (Chakraborty et al., 1995a), and G. cingulata (Chakraborty et al., 

1996b) and detection of pathogen in host tissues using antibody based
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immunofluorescent techniques has been reported previously (Wamock, 1973; Reddy and 

Anantanarayan, 1984, Werres and Steffens, 1994; Chakraborty and Chakraborty, 2002). 

Dewey et al. (1984) have reported interesting observations on the basis of 

immunofluorescence studies that chlamydospores, basidiospores and mycelia of 

Phaseolus schweinitzii contained molecules antigenically related to species-specific 

antigens secreted by mycelia grown in liquid culture. Ascospores of Mycosphaerella 

brassicicola were also detected on artificially inoculated spore tape using 

immunofluorescence (Kennedy et a l, 1999). Thereby, the present study reports the use of 

indirect immunofluorescence tests using polyclonal antibodies of E. vexans as a suitable 

technique for localization of the pathogen and could be employed for immunodetection of 

E. vexans in tea leaf tissues.

Immunofluorescent studies on basidiospores of E. vexans was possible in the 

present discourse with PAbs of E. vexans. The spores were not autofluorescent but 

nevertheless showed a general fluorescence along the spore walls with homologous 

antiserum demonstrating specificity of the antiserum. Another motivating finding of this 

study was direct detection of the fungus in leaf tissues using a unique non-fluorescent 

staining (Gerik et al., 1987; Young and Andrews, 1990) immunoenzymatic assay based 

on polyclonal antibodies, which has several advantages over conventional bioassays in 

determining the colonization pattern of fimgi in leaf tissues. Additionally this technique 

can also be applied to sequentially stain different fimgi in the same tissue using different 

enzymes linked to the antibodies and/ or different diazo dyes as demonstrated by Gerik 

and Huisman (1988). In the present study, intense fiingal colonization was observed 

following treatment with PAb of E. vexans and reaction with Fast blue BB salt substrate. 

Deep blue coloured fungal colonies were clearly visible in naturally infected as well as 

artificially inoculated tea leaf tissues which was noticeably more in susceptible varieties 

(T-78 and UP-2) compared to resistant ones (TV-30).

With the advent of immunocytochemistry sub-cellular level studies have gained 

enormous importance and substantiating preliminary findings with novel and 

sophisticated techniques. In the current investigation, an attempt was also made to
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conduct ultrastructural immunocytochemical studies to locate cross-reactive antigenic 

sites shared by E. vexans and C. sinensis through transmission electron microscopy 

(TEM). Encouraging results were obtained following immunogold cytochemical labelling 

of ultra thin tea leaf sections. Electron microscopic observations of healthy tissues treated 

with PAb-EV showed specific localization of the antibody associated with the epidermal 

and mesophyll cells. In addition immunogold labelling of E. vexans in blister infected tea 

leaf tissues was also performed and intense labelling was observed on fungal mass that 

had established. Ultrastructural observations on penetration, colonization and cytological 

modifications in blister blight infected tea leaf tissues showed penetration of the fungus.

In the present investigation protein pattern of healthy and E. vexans inoculated 

leaves of resistant (TV-9rTV-20), and susceptible (TV-22 and TV-23), varieties were 

evaluated by SDS-polyacrylamide gel electrophoresis. Biochemical and immunological 

characterization of pathogen induced (PI) protein in tea leaf tissues were explored. After 

12 d of inoculation of tea plants with E. vexans visible symptoms appeared. The soluble 

proteins that were extracted from healthy and artificially inoculated plants (T-78, UP-2, 

TV-18) and separated by SDS-PAGE were blotted (western blotting) in an attempt to 

determine if any of the proteins were of pathogen origin. On probing with PAb-EV 1 

recognition of two protems of approximately 58 and 15 kDa was observed only in the E. 

vexans-'mocnXaXtd leaf samples, which were absent in healthy leaf samples.

Proteins occupy a central role in all organisms, and plants are no exception to this 

rule. These relatively large, diverse macromolecules account for a substantial portion of 

the dry weight of most living plant cells and are important constituents of plant tissues. A 

large number, if not most, of the biochemical, physiological and structural processes are 

governed and regulated by one or more of these proteins. The information for all proteins 

ultimately lies in the nucleotide sequence of the gene that encodes the specific protein 

(Ko, 1997). Tea plants, like any other plant, have to deal with numerous challenges 

without being able to move fi-om their growing site. Thus, the chemical profile displayed 

by any particular plant at any given time and place will be broadly defined by its genetic 

inheritance, which has arisen from an ongoing refinement of the optimum chemistry for



215

survival in the face of rapidly evolving populations of both microbes and insects. Both 

the plant’s developmental state and its environment, however, condition expression of 

this genetic potential (Ellis, 1997). Protein profiles, of total soluble proteins as well as 

acid soluble proteins in leaf homogenates obtained from tea plants growing under natural 

conditions were examined. A number of proteins of diverse molecular masses were 

identified. Results obtained following analysis of total soluble proteins displayed similar 

proteins of ca.45, 85 and 100 kDa in most Darjeeling and Tocklai varieties and rarely in 

UPASI varieties. Analysis in the protein pattern of acidic extracts from thirty tea varieties 

revealed presence of bands mainly with molecular weights of less than 27.5 kDa. 

Differences were observed in number o f PR-proteins in the different varieties. PR- 

proteins of 50-60 kDa and 10-15 kDa were detected in most varieties.

Changes in the soluble protein (pH 2.8) pattern of non-infected control barley 

plants was examined by Bryngelsson et al. (1988) who have reported to find distinct 

differences in the gel patterns, while during the resistant reaction to mildew, new host 

proteins between 13.5 to 27.5 kDa that were not present in immune or susceptible 

responses were induced. An attempt was also made in this study to see whether such 

responses could be induced in tea plants following inoculation with the pathogen, E. 

vexans. The acid soluble protein pattern o f the ten artificially inoculated tea varieties 

clearly exhibited increase in intensity of few bands and also exhibited appearance of new 

bands that were not revealed in uninoculated control plants. Another very interesting 

investigation has been carried out by Christ and Mosinger (1989) where they have 

reported appearance o f eleven acid soluble proteins with apparent molecular masses 

ranging from 13-82 kDa increased in tomato (Lycopersicon esculentum) leaves infected 

by Phytophthora infestans or Fulvia fulva. The most prominent changes in the protein 

patterns were also detectable in the untreated leaves of infected tomato plants indicating 

systemic effects of the infection. As results of the present investigation substantiate the 

findings of previous workers it can be inferred that the low molecular weight acid soluble 

proteins that appeared after inoculation of both susceptible and resistant tea plants may be 

pathogenesis-related proteins as they share distinctive properties with PR-proteins in 

dicot species. This study also provides evidence that the induced acid soluble proteins



had antiflmgal activity. This was demonstrated by in vitro tests against spores of E. 

vexans. Christ and Mosinger (1989) also observed a reduction in the size of lesions in P. 

infestans in untreated leaves o f treated tomato plants which coincided with the changes in 

protein composition Acid soluble proteins, are strongly enhanced in tomato plants 

(Fischer et a l, 1989) infected with P. infestans.

In the present study, PR-protein accumulation was measured in healthy, infected and 

leaves exhibiting hypersensitive reactions against E. vexans under field conditions. 

Chitinase activity was always found to be lower in the compatible interactions in 

comparison to resistant and healthy ones with highest accumulation in the disease free 

leaf samples collected from tea bushes which have acquired immunity towards 

enviroimiental stress(es) as well as the leaves showing hypersensitive reaction against the 

pathogen {E. vexans) attack resulting in incompatibility with the pathogen. P-1,3- 

glucanase activity was consistently high in disease free leaf samples of all gardens with 

an abrupt increase in the enzyme activity in the initial stages of infection and decreased 

activity as the disease developed as well as in resistant reactions. The peroxidase activity 

displayed a constant increase during the stages of infection and the values obtained for 

the different stages of infection were always higher than that of healthy samples. Of 

major significance was the increase in enzyme activity in resistant samples. Such higher 

peroxidase activities may be correlated with greater resistance.

Following infection with E. vexans two new isozymes of Rn, 0.125 and R„ 0.67 

were visualized in compatible interactions and interestingly a band of o f 0.44 was 

observed only in leaves exhibiting hypersensitive reactions. Peroxidase isozymes of Aloe 

barbadensis oxidize /7-coumaric acid (Esteban-Carrasco et al., 2002). The developmental 

regulation of the H202~producing system and a basic peroxidase isozyme in the Zinnia 

elegans lignifying xylem has been elucidated (Ros-Barcelo et a l, 2002).

The induction and accumulation of chitinase and p-l,3-glucanase however may 

be associated with the restriction of symptom development on the tea leaves on attack by 

E. vexans as the enzyme activity was more rapidly enhanced in incompatible than
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compatible interactions. Recently it has been suggested that a p-l,3-glucanase, induced in 

soybean leaves, by infection with Phytophthora megasperma f.sp. glycinea, functions in 

defense by releasing a phytoalexin elicitor from the mycelial walls of the fungus (Ham et 

a l, 1991). Furthermore, Kim and Hwang (1994) supported the role for (3-1,3-gIucanase in 

disease resistance by demonstrating that p-l,3-glucanase was induced and accumulated in 

pepper plants by Phytophthora capsici infection, more distinctly in resistant than 

susceptible tissues. Time course experiments in the present study revealed enhancement 

in activity of the defense enzymes chitinase, p-l,3-glucanase and peroxidase in plants 

inoculated with E. vexans at specific time intervals. After 24 h of inoculation chitinase 

and p-l,3-glucanase displayed a peak rise whereas peroxidase was high after 48 h of 

inoculation in both resistant (BS-7A/1/76, T-17/1/54, BSS-1, BSS-3, TV-20, TV-26, TV- 

29 and TV-30) and susceptible (AV-2, RR-17, TS-449, T-78, UP-9, UP-17, UP-26, TV- 

18, TV-22 and TV-23) varieties. Isozymes of peroxidase were constitutively present in 

healthy leaves. Upon artificial inoculation of the different varieties (T-17/1/54, BSS-3 

and TV-18) a common band of 0.25 in all varieties. Another band of Rm 0.75 was 

consistent the Darjeeling resistant variety (T-17/1/54). In Tocklai variety (TV-18) two 

new bands one of Rm 0.45 appeared in all inoculated extracts with 24 h and was persistent 

up to 48 h. The accumulation of lignin and phenolic compounds is correlated with 

resistance in a number of plant-pathogen interactions. The resistance response in wheat 

cultivar Prelude-Sr5 against an avirulent race of the stem rust fungus Puccinia graminis f. 

sp. tritici was correlated with rapid lignification in penetrated host cells. In tomato, 

resistance to the fungal pathogen Verticillium albo-atrum was correlated with rapid 

deposition of suberin and lignin in a resistant isoline than in a susceptible isoline 

Extensin, a cell wall-associated hydroxyproline-rich glycoprotein (HRGPs), also 

accumulates in the walls of a number of plant species during interactions with microbes. 

In parsley, HRGPs and peroxidase mRNA have been localized by in situ hybridization to 

the site of flmgal infection. HRGPs are thought to act as a matrix for deposition of 

phenolic materials, and oxidative cross-linking of these proteins into the wall by 

peroxidases has been proposed to strengthen cell walls. Alternatively, during the process 

of cross-linking, microbes ma;jbe agglutinated and thus immobilized (Chitoor et a l.



1999). Because peroxidases are implicated in the deposition of cell wall-strengthening 

materials such as lignin, suberin, and extension, changes in activities of peroxidase 

during resistant and susceptible interactions have also been monitored in a number of 

plant-pathogenic race-specific interactions (Levine et al., 1994). Increase in peroxidase 

activity that correlated with resistance between pathogen and their hosts were observed in 

rice, wheat, cotton, sugar cane and barley (Kerby and Somerville, 1989). In contrast, 

peroxidase enzyme activity in plants undergoing susceptible interactions was delayed or 

not induced within the time period studied.

Hence, in the present investigation it was demonstrated that defense enzymes in 

the extracts from leaves of inoculated (with E. vexans) tea plants were strongly stimulated 

by infection. The enzyme activities of both resistant and susceptible varieties following 

inoculation were higher than their respective controls throughout. Chitinase and P-1,3- 

glucanase appear as the first set of defense enzymes followed by peroxidase.

In vitro antifungal spore germination bioassays purified chitinase inhibited spore 

germination of E. vexans. Complete inhibition of spore germination was observed in 

solutions containing both chitinase and P-l,3-glucanase. In microtitre dish bioassays 

against Glomerella cingulata it was also observed that the intercellular fluids (ICF) from 

control and induced plants did not have antifungal activity on the other hand antifungal 

activity was obtained after adding purified chitinase and P-l,3-glucanase to the ICF. The 

synergistic effect, of the purified PR-proteins were further verified by using the agar-cup 

bioassay technique and antifungal activity o f the PR-proteins was confirmed since growth 

of the test fungus was totally inhibited.

To substantiate results obtained from biochemical assays attempts were also made 

in this study to fiirther characterize the PR-proteins of tea triggered by E. vexans by 

immunological means. PAbs raised against the purified chitinase (PR-3) and 

P-l,3-glucanase (PR-2) was tested for effectiveness by immunodiffusion which revealed 

strong precipitin bands. The antisera were further optimized by PTA-ELISA and the most 

ideal concentration of IgG was found to be 40 jig ml"' for both antisera and were therefore
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used in all immunological experiments. Initially the antisera were used to detect 

accumulation of the PR-proteins in tea plants (T-17/1/54, BSS-3, TV-26, TV-30 and 

TV-29; T-135, T-78, UP-9, TV-18 and CP-1) inoculated with E. vexam  and 

accumulation of both proteins started at an early stage after inoculation and higher 

concentration, than uninoculated healthy control, of the induced proteins were detected at 

maximum levels 2 d post inoculation.

In the present study, it was observed that acidic proteins extracted from tea leaves 

change following inoculation with E. vexans, with stronger signals for PR-proteins in the 

compatible reaction of the susceptible varieties than in the incompatible reaction. In dot- 

immunobinding assays performed with acid soluble protein extracts and the chitinase 

probe (PAb-CHT) in the present study, antigens obtained from leaves after 24 h of 

inoculation (with E. vexans) of resistant varieties (T-17/1/54, BSS-3, TV-26, TV-30 and 

TV-29) showed deep violet colour and those of susceptible varieties (T-135, T-78, UP-9, 

TV-18 and CP-1) were o f lighter intensity signifying weaker reaction in comparison to 

homologous ones.

Soluble proteins when run on SDS-gels revealed a band of ca. 45 kDa that was 

universal in all protein extracts of tea plants appearing to be constitutively present. In 

western blotting experiments, performed in the present study, with healthy and inoculated 

(with E. vexans) antigens. Hybridization results of these extracts, with PAb-CHT, 

revealed a common band ca. 14 kDa in addition to the main bands of ca. 42 and 45 kDa 

and two more bands of ca. 61 and 20 which were unique to the 24 h-interval however a 

weak signal of the ca. 42 and 14 kDa bands were sometimes revealed even after 48 h of 

inoculation, but never obtained 72 and 96 h post inoculation. While with the 

P~l,3-glucanase probe (PAb-pGLU) a band of ca. 33 kDa was observed in E. vexans 

inoculated plants and was induced to a much greater extent in resistant varieties during 

the course o f pathogenesis when compared to the susceptible varieties. A band of ca. 25 

kDa was common in all protein extracts of tea plants, which appeared on treatment with 

PAb-PGLU. In this investigation constitutive expression if P-l,3-glucanase and chitinase 

in tea plants was observed and were triggered by E. vexans to higher levels in resistant
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varieties in comparison to susceptible varieties suggest that they might play a role in early 

stages of infection. Similar results were obtained by Salles et al. (2002) in Colletotrichum 

trifolii infected leaves of alfalfa and also are of the opinion same and also suggest that 

susceptible varieties may not release elicitors at an early stage of infection and thereby 

delay defense responses causing increased susceptibility.

Results obtained with E. vexans and C. sinensis in this study are indicative of 

induction of both the hydrolytic enzymes P-l,3-glucanase and chitinase in tea leaves. The 

accumulation of chitinase was much more pronounced in tea plants within 24 h of 

inoculation with E. vexans than in the control ones, suggesting that the enzymes might be 

involved in disease development. It was observed that the degree of enhancement o f the 

defense enzymes was always greater in resistant tea varieties in comparison to susceptible 

ones. Yi and Hwang (1996) also opined that induction and accumulation of 

P-l,3-glucanases and chitinases in hypocotyl and leaf tissues of soybean following 

infection with Phytophthora megasperma f.sp. glycinea has a role in defense reactions 

against the pathogen where the induction was more conspicuous in the incompatible 

interactions in the late stages of the infection process (30 and 66 h after inoculation). In 

an interesting study Dalisay and Kuc, (1995) showed that cucumber plants exhibited 

enhanced resistance towards C. lagenarium, following inoculation of the first leaves of 

plants with fungal, bacterial or viral pathogens. From this they concluded that chitinase 

could be induced both locally and systemically in response to stress caused by biotic and 

abiotic agents. Induction of peroxidase enzyme activity was also correlated with 

systemically induced resistance in cucumber. Inoculation of the first leaf of cucumber 

with a hypersensitive reaction-inducing bacterium Pseudomonas syringae pv. syringae, 

resuhed in systemic resistance and accumulation of peroxidase within 24 h. Activities of 

at least three acidic extracellular peroxidases increased with the appearance of systemic 

induced resistance. Tlie same complement of peroxidases was also induced in response to 

a disease resistance-inducing heat shock treatment. In potato, peroxidase enzyme activity 

increased during wound-healing responses, but an anionic peroxidase was induced only 

in cells undergoing suberization (Hammerschmidt et a l, 1982; Rasmussen et a l, 1995).
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In the present investigation, in vitro antifungal activity of the purified chitinases 

was tested against few foliar fungal pathogens of tea. Inhibition of germination of 

basidiospores of E. vexans and some evidence of lysis of hyphal tips verify the antifungal 

nature of chitinase. To substantiate results, the effect of chitinase was tested against G. 

cingulata and C. pallescens where complete inhibition of mycelial growth was observed. 

Antifimgal activity of chitinases such as lysis of isolated fungal cell walls or growth 

inhibition of some phytopathogenic fiingi have been reported (Mauch et a i, 1988; 

Schlumbaum et a i,  1986; Sela-Buurlage et ah, 1993). Vannini et al. (1999) elucidated 

antifungal properties of chitinases from Castanea sativa against hypovirulent and virulent 

strains of the chestnut blight fungus, Cryphonetrica parasitica. They reported that 

chitinases from chestnut were able to inhibit the both fungal strains however higher levels 

of enzyme were required to inhibit the virulent ones. But on the contrary, apparent 

insensitivity o f Cladosporium fulvum to tomato chitinase and P-l,3-glucanase in in vitro 

bioassays and the role of these enzymes in resistance of tomato against C. fulvum  was 

demonstrated by Joosten et al. (1995). They also described the purification of a 27 kDa, 

extracellular chitinase and two intracellular chitinases (30 and 32 kDa, respectively), 

from C. /w/vw/n-infected tomato leaves.

In the present study, induction of PR-proteins in suspension-cultured tea cells 

following inoculation with Exobasidium vexans or treatment with salicylic acid and 

jasmonic acid for elicitation of PR-proteins were demonstrated. An attempt was made to 

characterize the elicited PR-proteins biochemically as well as immunologically probing 

with PAb-chitinase and PAb-P-l,3-glucanase. The PR-proteins were induced in ail 

interactions where chitinase activity was more rapid in comparison to p-l,3-glucanase 

activity. Interestingly the response of the varieties varied with the treatments nevertheless 

resistant varieties always showed higher levels of enzyme activity in comparison to the 

susceptible ones. Elicitation of the PR-proteins by salicylic acid was found to be 

significantly higher than jasmonic acid as well as biotic (E. vexans) elicitation in all 

varieties treated. To substantiate the results obtained through biochemical assays, 

immunoassays including indirect immunofluorescence as well as western blotting were 

performed. PR-proteins were detected in all treated material harvested after 24 h by
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western blot which revealed three proteins . with apparent molecular weights of 20, 42, 

and 45 kDa and two proteins of ca.33 and 25 kDa when probed with PAb-CHT and PAb- 

GLU respectively. Intense fluorescence was observed with both antisera following 

abiotic treatments. Production of phytoalexins and the hydrolases, P-l,3-glucanase and 

chitinase, occurs simultaneously in cultured cells induced with elicitors (Velazhahan 

e ta l ,  2000).

Jones and Hartley (1999) proposed that protein and phenol synthesis compete for the 

common limiting resource-phenylalanine and hence protein and phenolic allocations are 

inversely correlated. Polyphenolics are major constituents of tea leaves and as such it is 

expected that they would be affected by the different abiotic and biotic stresses. In case of 

temperature stress it was observed that there was a correlation between the inherent 

phenol content tea varieties and its increase following exposure to elevated temperatures. 

In general, in those varieties with high inherent phenol content, accumulation of phenols 

kept increasing till 50°C. A wide variation in the phenol contents in the different tea 

varieties was also evident (Chakraborty et al, 2001). The observed trend could be 

explained by the fact that phenols are considered to be involved in plant’s defense to 

various stresses. When subjected to temperature stress, varieties with low inherent phenol 

content increased its accumulation while those that already had a higher content did not 

have to increase synthesis. In case of tea, polyphenols are also known to vary seasonally. 

Thus phenol biosynthesis seems to be well regulated to help the tea plant to overcome 

various stresses. Similarly, in case of drought too, phenol content increased initially up to 

8 days o f stress after which there was a decline (Chakraborty et al., 200i).

Alteration of phenol metabolism following infection has been observed in many 

diseases and phenolics have been implicated in the defense reaction in several instances. 

(Friends, 1977; Baker et al., 1989; Mahadevan, 1991). There is often a greater increase in 

phenolic biosynthesis in resistant host species than in susceptible host and it is sometimes 

postulated that the increase in phenolic compounds is part of the resistance mechanism. 

Some of these compounds are toxic to pathogenic and non-pathogenic fiingi and have 

been considered to play an important role in disease resistance.
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In the present study, the levels of antifungal phenolics (pyrocatechol) in leaves of 

resistant and susceptible tea varieties were estimated following inoculation with 

E. vexans. Host responses could be differentiated by changes in content of pyrocatechol. 

Biochemical responses of tea plants growing in Darjeeling hills exposed to biotic stress 

due to blister blight infection caused by E. vexans in the levels of total phenols, ortho

dihydroxy phenol and enzyme activities (PAL and POX) were studied by Chakraborty 

et a l (2002a). The involvement of phenol in the defence strategies o f tea plants against 

other foliar fungal pathogens (Bipolaris carbonum, Pestalotiopsis theae, Glomerella 

cingulata has already been described by Chakraborty et al. (1995a) and Chakraborty et 

al. (1996b). In the present study, phenolic compounds could be detected in both 

susceptible and resistant interactions, however there were distinct differences between the 

interactions as analysed by HPLC. The elution pattern of the phenolic compounds 

revealed accumulation of two peaks, PI and P2, at the respective average retention times 

of 2.756 and 3.116 min in all samples the peak heights were higher in E. vexans 

inoculated plants in comparison to their corresponding controls. Similar peaks were 

observed in naturally infected samples with accumulation of an additional peak (P3) in 

the severely infected leaf samples Another interesting finding was the 2-fold increased 

production of phenolics PI and P3 in the leaves exhibiting hypersensitive respe»\s^. The 

ethyl acetate hydrolysate fractions of the antifungal phenolic compounds were found to 

be antimicrobial as tested in this investigation against E. vexans, C. pallescens and

B. megaterium. Mansfield (2000) also opined that antimicrobial compounds can be 

recovered from both healthy and infected plants and that many compounds have been 

demonstrated to have striking activity in vitro against potential pathogens.

However compound I could be detected mainly from the healthy tea leaf extracts 

of all the four varieties tested that showed the highest fungitoxic activity in the spore 

germination assay. No such fungitoxic activity was evident on TLC plates in leaf extracts 

fi-om susceptible varieties (T-135, TV-18, UP-9) inoculated with E. vexans, but traces of 

the inhibition zone were evident in resistant varieties (TV-30, BSS-3, BS-7A/1/76) even 

after 48 h of inoculation. Rf value and colour reaction of this antifungal compound
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corresponded with catechin. Catechins are flavon-3-ols with two hydoxyl groups in the 

side ring. These include gallic acid esters with the acid moiety attached to the hydroxyl 

groups. Kawamura and Takeo (1989) showed the antimicrobial activity of tea catechin 

towards Streptococcus mutans. Wang (1991) have reported the presence o f four forms of 

catechins such as, (-) epicatechin (EC), (-) epicatechin gallate (ECG), (-) epigallocatechin 

(EGC) and (-) epigallocatechingallate (EGCG).The chemical composition of tea leaves in 

general and catechins in particular depends on the variety geographical location, climatic 

condition and cultural practices. In tea products, it again varies with processing 

conditions (Chakraborty et aL, 1995c; Chakraborty and Chakraborty, 1998). Chakraborty 

and Saha (1994b) reported the presence of antifungal catechins in healthy leaf extracts, 

which, they averred, had been broken down to catechol in the infected (with Bipolaris 

carbonum) leaves. Nagahulla et al. (1996) reported the production of antifungal 

compounds in tea leaves following infection with blister pathogen {E. vexans). In a 

preliminary study of the HPLC analysis of catechins from healthy and blister infected tea 

leaves, little qualitative differences were pointed out (Chakraborty et al., 2002a). In the 

present investigation the inherent catechins present in tea plants were stimulated during 

the blister blight disease resistance mechanism. Quantitative determination by HPLC of 

catechins in both susceptible and resistant interactions o f tea leaves with E. vexans 

displayed a number of peaks that were either new or enhanced or lost in the different 

interactions. In naturally blister-infected leaves undergoing susceptible reactions leaf 

samples exhibited less isoforms of catechins than healthy leaves. Interestingly two major 

peaks at 13.9 and 18.7 retention times present in healthy leaves were found to be absent 

in blister infected leaves, which re-appeared during the hypersensitive interaction with 

recovery percentages of 92 and 8 6  respectively (Chakraborty et al. 2004a).

The biochemical mechanisms responsible for containment of fungal pathogens in 

the resistant interactions are undoubtedly manifold. Indirect evidence (Hammerschmidt 

and Kuc, 1982; Baker, 1989) suggests that phenolic metabolites play a role. In the present 

study results revealed that UV-absorbing compounds and fluorescent compounds 

accumulate in resistant interactions of E. vexans and tea. Some of which may be



metabolites from defence mechanisms activated by recognition of the presence of the 

pathogen.

The compound II showed positive colour reaction of phenolics with the chromogenic 

sprays on TLC plates at R f 0.56 and exhibited prominent inhibition zone in TLC plate 

bioassay as well as inhibited markedly the spore germination of E. vexans. This 

compound was identical to an authentic pyrocatechol as determined by thin layer 

chromatography and UV-spectrophotometry. It is known that catechin is oxidatively 

cleaved to some simpler phenols and phenolic acids like catechol, phloroglucinol and 

protocatechuic acid. Sambandam et al. (1982) isolated an enzyme (catechin-2,3- 

dioxygensis) from Chaetomium cupreum which cleaved catechin into simpler phenols. It 

is not unreasonable to speculate that the antifungal compound cleaved to some simpler 

phenols in the present study. In the susceptible variety, the breakdown of catechin was 

almost complete while traces were evident in the resistant variety even after 48h of 

inoculation. Accumulation of catechol in resistant varieties increased significantly after 

48h of inoculation with E. vexans. Concentration of this compound in healthy leaf tissue 

is very low. Accumulation of pyrocatechol in susceptible variety was not greater than the 

resistant ones even though complete breakdown of catechin was detected in the former 

case. Accumulation of antifungal compounds in tea leaf tissue infected with Bipolaris 

carbonum has also been discussed by Chakraborty and Saha (1994h). Resistant varieties 

accumulated more pyrocatechol than the susceptible varieties 2  d after inoculation with

B. carbonum.

In the present study, greater accumulation of pyrocatechol in resistant interaction of 

E. vexans and tea varieties indicated that this may play a role in disease resistance 

mechanism. It has also been considered that ortho-dihydroxy phenols play a major role in 

disease resistance and disease development. They are easily oxidized to highly reactive 

quinones which are effective inhibitors o f sulphydryl enzymes, thereby preventing the 

metabolic activities of host and parasite cells. There are ample evidences that an 

increased production of phenolic compounds are involved in phytoalexin accumulation 

(Hammerschmidt, 1999).
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Although less in known with certainty about the specific recognition events that 

predict incompatible host-pathogen interaction, considerable genetic and biochemical 

evidence indicates that constitutive specificity imparting molecules must exist in the 

incompatible pathogen and the resistant host plants that dictate the ultimate accumulation 

of antifungal compound at the infection site (Albersheim and Anderson -Prouty, 1975). 

Cell recognition has been defined as the initial event of cell-cell communication that 

elicits morphological, physiological and biochemical responses (Clarke and Knox, 1978). 

Surface molecules of eukaryote cells have been involved in cell-cell recognition and/or 

adhesion and as receptors for various effects. Many of these specificity imparting 

molecules are glycoproteins, and fungi are known to possess them on their cell-walls and 

plasma membranes (Keen and Legrand, 1980). In this study, E. vexans was found to elicit 

greater amount of antifungal compound in the resistant varieties than the susceptible 

ones. The chemical nature o f germinated spore walls of E. vexans was confirmed by Con 

A-FITC binding as glycoprotein. Results o f this investigation along with those of other 

workers clearly demonstrate that the walls of E. vexans contain glycoprotein which have 

a role to play in the initial recognition leading to the activation of the defense 

mechanisms by accumulating the antifungal compounds. It has been reported that sweet 

potato infected by Ceratocystis fimbriata produce new proteins in both resistant and' 

susceptible varieties. Similarly detection of five new isozyme bands viz., acetyl esterase 

acid phosphatase malate dehydrogenase, succinate dehydrogenase and peroxidase in the 

susceptible lines of barley after infection by Erysiphe graminis f  sp. hordei has been 

reported (Uritani, 1971). The interaction between Cladosporium fulvum  and tomato has 

been used as a model system by Joosten and De Wit (1988) to study the accumulation of 

host, pathogen and interaction-specific proteins in leaf apoplastic fluids from compatible 

and incompatible combination. Electrophoresis of apoplastic fluids under low pH and 

non-denaturing conditions revealed one protein which was present in all compatible 

interactions studied, but not incompatible interactions nor in uninoculated controls. 

Purification of this protein from the apoplastic fluids from several compatible interactions 

was achieved by ion-exchange chromatography on CM-Sephadex followed by 

chromatofocusing. The purified protein migrated on SDS-polyacrylamide gels as one
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band with an estimated molecular mass of 14 kDa. Antibodies obtained by injecting the 

purified protein, bound to nitrocellulose, into rabbits had high affinity for the protein on 

western blots and little or no interactions with other protein bands. In compatible 

C. /w/vi/ffj-tomato interactions the protein could be detected in apoplastic fluid 8  d after 

inoculation. The protein was not detected in the mycelium or culture filtrates neither 

obtained from C. fulvum  grown in culture nor in apoplastic fluids from tomato leaves 

inoculated with the tomato strain of Phytophthora infestans.

Following pathogen attack, plants react by synthesizing a number of chemical 

defenses in which the phenylpropanoids occupy a central place. It has been shown in a 

wide variety of host-pathogen relationships (Mansfield, 2000) that the phenolic 

compounds may play a role in the resistance mechanisms of healthy plants. Their 

accumulation in infected tissues may also be implicated in the general mechanism of 

resistance against pathogens (Harbome, 1980). More precisely, a large body of evidence 

has accumulated suggesting a key role for salicylic acid in both SAR signaling and 

disease resistance (Raskin, 1992). Interestingly, not only is salicylic acid a potent inducer 

o f resistance but is also capable of acting directly on fringal development as has been 

elaborately described by Amborabe et al. (2002) towards Eutypa lata.

Plant innate immunity is based on a surprisingly complex response that is highly 

flexible in its capacity to recognize and respond to the invader encountered. Pieterse et al. 

(2004) raised the question as to how plants are capable of integrating signals, induced by 

pathogens or insects, into defenses that are specifically directed against the attacker. The 

hormonal plant signals salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) 

emerged as major regulators. Tlie signaling pathways that are activated by them cross- 

communicate, providing the plant with a great regulatory potential to fme-tune its defense 

reaction. The capacity of a plant to develop systemic acquired resistance (SAR) after 

infection with a pathogen is well known and its SA-dependent signaling pathway 

extensively studied.
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In the present study, few abiotic inducers including mercuric chloride, 

di-potassium hydrogen phosphate and salicylic acid, were applied on tea plants as 

inducers of resistance. Slight changes in the levels of defense enzymes chitinase, P-1,3- 

glucanase, peroxidase and phenylalanine ammonia lyase were observed that increased 

after inoculation. Results obtained are consistent with those of Irving and Kuc (1990) 

who demonstrated the local and systemic induction of peroxidase, chitinase and 

resistance in cucumber plants by di-potassium hydrogen phosphate. The induction of P-

1 ,3 -glucanase and peroxidase in groundnut leaves infected with mercuric chloride and 

Cercospora arachidicola a major foliar disease was reported by Roulin and Buchala 

(1995). Basak et al. (2000) and Chakraborty et a l  (2002c) have previously shovra that 

peroxidase and phenylalanine ammonia lyase increase when tea plants are subjected to 

abiotic stresses.

Most promising results were obtained with salicylic acid in the present 

investigation. Levels of enzymes chitinase, P-l,3-glucanase, peroxidase and 

phenylalanine ammonia lyase were highly induced and protection against the pathogen 

E. vexans was maximum. Yalpani et al. (1993) have already proved that salicylic acid is 

the likely endogenous regulator of localized and systemic disease resistance in plants. 

Gordon-weeks et al. (1997) also demonstrated the induction of PRs with salicylic acid 

resulting in accumulation of a novel PR-1 protein detectable by it’s antiserum in whole 

leaf extracts. Dann et al. (1996) studied the efifect«fchemical treatment with INA on 

activities o f chitinase and P-l,3-glucanase and accumulation of salicylic acid in leaves of 

green bean, Phaseolus vulgaris L and observed that accumulation of total SA was not 

enhanced by INA treatment. Agnieszka (2004) isolated the gluB gene coding for a novel 

apoplastic P-l,3-glucanase from potato {Solatium tuberosum cv. Desiree) and showed the 

presence of gluB mRNA at a very low level in mature leaves of uninfected plants 

whereas a considerable increase of expression was observed after infection with 

Phytophtora infestans and after treatment with salicylic acid or ethylene.

Zhu and Moore (2004) showed that natural plant defense can be induced by a 

nonpesticidal chemical, Benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester
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(BTH) an analogue of salicylic acid, to control blights and root rots of papaya (Carica 

papaya L.) seedlings. BTH also increased enzyme activity of two PR- proteins up to 

seven times of controls which indicates that PR genes are involved in disease resistance 

of papaya and that chemical induction of SAR has a potential for being used for crop 

protection. Induced resistance has been implicated as an alternative management strategy 

for Plasmopara viticola causing Downy mildew disease of grapevine (David et a l, 

2004). Kassemeyer et al. (2004) studied the expression of PR-proteins in grapevine 

against biotrophic pathogen - Plasmopara viticola and the kinetic of transcript 

accumulations showed a maximum of transcripts of a Vitis chitinase class III and a Vitis 

glucanase within 48 h after infection. Besides, they have studied the induction of the 

phenyl propanoid pathway and the apposition of phenolics and callose around penetration 

sites: they observed papilla formation around the penetrating haustorium in incompatible 

interactions.

So far there are no reports on the effect of fungicides on PR-proteins of plants. 

Thereby, systemic fungicides such as hexaconazole and calixin, which are recommended 

for blister blight control, were also applied on tea plants in the present study. Defense 

enzyme activity increased with application of the fiingicides, however level of protection 

of hexaconazole was higher in comparison to calixin sprayed tea plants.

A number of plants species have been reported to possess some natural substances 

(antimicrobial compounds) in their leaves that are toxic to many plant disease caiising 

pathogens (Dixit et a l, 1983; Shetty et a l, 1989; Singh and Dwivedi, 1990). 

Antimicrobial compounds from plants have potential as fungicides themselves or in 

providing classes of compounds suitable for development o f fungicides (Mansfield, 

2000). In the present investigation attempts were made to use plant products including 

Biocrop (commercial biocide) and aqueous leaf extracts of Azadirachta indica and 

Catharanthus roseus for induction of resistance in tea plants. It was evident from the 

results that the phytocompounds effectively controlled the blister blight disease. 

Treatment of tea plants with the elicitors induced an increase in the defense enzymes 

chitinase, p-l,3-glucanase, peroxidase and phenylalanine ammonia lyase which rendered
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effective in comparison to Biocrop and C. roseus extracts. Paul and Sharma (2002) 

demonstrated that extracts of A. indica leaves provided control of leaf stripe disease of 

barley. Leaf extracts of Reynoutria sachalinensis also provided protection against 

powdery mildew disease of tobacco and cucumber that is accompanied by increased 

activities of peroxidases, p -l,3 -glucanases and phenylalanine ammonia lyase (Merger and 

Klingauf, 1990; Schneider and Ullrich, 1994; Daayf et al., 1995). The results of the 

present study thus provide additional evidence that host metabolic pathways altered by 

treatment with plant extracts can results in an effective resistance against diseases.

The accumulation of the PR-proteins in E. veAram-infected tea leaf tissue, as 

compared to uninfected controls shown in the present study, is consistent with the 

biochemical resuhs obtained in western blottings. The predominant accumulation of the 

PR-1 proteins over intercellular spaces, host primary cell walls, secondary thickenings of 

xylem vessels and papillae in infected tobacco roots bears some resemblance to the 

distribution of PR-P14 in tomato roots infected with Fusarium oxysporum fsp. radicis- 

lycopersici (Benhamou et al. 1991). Interestingly, these two PR proteins are 60% 

homologous in their amino acid sequences (Lucas et al. 1985) and serologically related 

(Nassuth and Sanger, 1986). PR-1 proteins are considered to reflect activation of plant 

genes involved in plant defence systems (Bowles, 1990). Their accumulation over the cell 

walls of inter- and intracellular hyphae of C. elegans colonizating tobacco roots may 

reflect an eventual role of these proteins, in association with other PR-proteins like 

p-l,3-glucanase and chitnases, in directly hindering hyphal growth of the pathogens 

(Tahiri-Alaoui et al. 1993). The resemblance in the subcellular localization of defence- 

related proteins of known or unknovm function, whatever the pathogen-plant interaction 

studied, suggests that these proteins may act synergistically when defence mechanisms 

are activated in plants.

Antimicrobial proteins (PR-2 and PR-3) extracted from E. vexans inoculated 

resistant tea varieties were electrophoretically resolved on SDS-gels, analysed by EDAS 

and characterized immunologically in the present study after probing with PAb-chitinase 

(Chakraborty et al., 2004a) and PAb-p-l,3-glucanase. It was inferred that the enhanced
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activity of the defence enzymes could contribute to resistance via their hydrolytic action. 

The likely involvement of these enzymes (PR-2 and PR-3) in active defense was verified 

by in vitro inhibition of microorganisms by preparations of each enzyme alone or in 

combination. Hoffland et al. (1995) have demonstrated through western blot analyses that 

in the healthy plants PR-2 is constitutively present in the intercellular fluid of leaves and 

PR-3 in the roots. The perthotrophic fungus Drechslera teres (Sacc.) Shoem also strongly 

induced the accumulation of PR-proteins in barley in the susceptible cv. Karat compared 

with the CVS. Ming and Zenit (Reiss and Bryngelsson, 1996). A polyclonal antibody 

against |3-l,3-glucanase labeled enzyme bands only from intercellular fluid extracts. The 

analysis of infected roots showed no significant increase in P-l,3-glucanase activity 

(Rahimi et a l, 1996).

Induction of resistance in tea varieties against blister blight pathogen was 

attempted with a few abiotic inducers. Salicylic acid and hexaconazole treated leaves of 

Camellia sinensis (L.) O. Kuntze were reacted with PAb-CHT (Chakraborty et a l, 

2004b) and PAb-pGLU followed by labelling with FITC, strong bright apple green 

fluorescence was observed in the epidermal and homogenously in mesophyll tissues. In 

healthy leaves fluorescence was limited to the epidermis and certain elements like 

sclereids. Additionally, in the present study, leaves of plants induced with the 

phytoextracts of Azadirachta indica and Catharanthus roseus were also immunolabelled 

separately with PAb-CHT (PR-3) and PAb-pGLU (PR-3) and FITC. Observations were 

motivating and revealed . .  enhancement of chitinase and glucanase in the leaf tissues 

following induction, which was more intense in C. roseus, induced plants. Keefe et al. 

(1990) have also provided evidence that PR-2 and PR-3 proteins are mainly restricted to 

the epidermis in healthy tobacco leaves and accumulate in all leaf cells upon treatment 

that simulates pathogen stress. Similarly, PR-3 protein was confined to healthy 

epidermal cells in healthy potato leaves, but was homogenously distributed through 

mesophyll and epidermis area around infection sites by the Oomycete Phytophthora 

infestans (Garcia-Garcia et a l, 1994).
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Ultrathin sections from E. vexans -  inoculated tea leaves (susceptible -  T-135 and 

resistant -  T-17/1/54) embedded in LR-white resin were separately treated with PAb- 

CHT (PR-3) and PAb -GLU (PR-2) followed by gold labelling. Results of the present 

study showed a significant increase in the number of gold particles over host cell walls 

and in material of intercellular spaces between parenchyma cells, with the PAb-CHT 

probe, in comparison to healthy leaves while the electron-translucent zone of intercellular 

spaces was virtually free of labelling either in the palisade parenchyma or spongy 

parenchyma. Gold labelling corresponding to p-l,3-glucanase deposition both in 

inoculated and resistant plants was scattered. In the healthy plants PAb-pGLU showed 

labelling to some extent and confirmed its presence in healthy tissues. Comparing to 

chitinase, P-l,3-glucanase was not so strongly induced by the pathogen. Results obtained 

in the present investigation indicate that accumulation of the defense protein chitinase is 

most likely connected with E. vexans multiplication or induced in a systemic mode. In the 

healthy plants, the labelling was recorded, confirming that chitinase is constitutively 

present. Considering the presence of chitinase not only in the surrounding area but also 

distant from infected cells may be attributed that the chitinase is induced both locally and 

systemically.

The enzymes chitinase and P-l,3-gIucanase, which depolymerize carbohydrates in 

fungal cells could be very useful as a first line of defense by inhibiting fringal growth. 

They may also indirectly activate plant defense systems by releasing elicitors from fungal 

cell walls. The studies correlating deposition of cell wall-strengthening materials and 

peroxidase activities are consistent with a role for this enzyme in defense through wall 

strengthening. However, in addition, the highly reactive oxygen species formed during 

the deposition of these compounds into the walls by peroxidase activity are likely,toxic to 

pathogens. Alternatively, these active species may act as messengers to activi^te plant 

defense responses that contribute to resistance. Overall, defense related proteins have 

become very popular and usually provide a plant with resistance to stresses. Thereby 

varieties that are apt to intensively induce such proteins are agriculturally important and
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are drawing much attention of plant breeders. The knowledge gained by such studies also 

provides a base for the development of novel agrochemicals for disease control and also 

for the development of disease-resistant crops by regulating the system in plants through 

genetic manipulation.

New advances in proteome analyses include the development of techniques for 

reproducible 2-D gel electrophoresis and for protein identification based on accurate 

mass spectrometry. In future, these techniques will assist in the analysis of differential 

protein expression and post translational modification, such as, phosphorylation and 

glycosylation, during plant pathogen interactions. In addition, the introduction of protein 

microarrays will boost the study of protein-protein interactions, and screens for substrates 

o f protein kinases and for targets of small molecules (Martin et al., 2003). Taken 

together, these investigations will significantly contribute to our understanding of the 

mechanism of plant-pathogen recognition and of the complex signaling networks 

mediating the activation of defense responses.
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Elucidation of defense responses of tea plants triggered by Exobasidium vexans 

with special reference to pathogenesis-related (PR) proteins and their induction for 

development of systemic acquired resistance (SAR) have been achieved in the present 

investigation. To achieve this, the biochemical and immunological techniques which 

were undertaken in order to study compatible and incompatible interactions between tea 

plants and blister blight pathogen have been schematically summarized in Figure 20A.

At the onset, influence of envirormiental conditions such as temperature, relative 

humidity and rainfall on blister blight disease development in hills and plains were 

evaluated and compared for five years (2000-2004). Leaf surface damage during disease 

development was assessed by scanning electron microscope (SEM). The potential of 

enzyme linked immunosorbent assay (ELISA), Dot immunobinding assay (DIBA) and 

indirect iirmiunofiuorescence (IMF) for screening resistance of thirty tea varieties 

towards E. vexans were developed. Among these varieties, T-17/1/54, BS-7A/1/76 and 

BSS-3 exhibited very low infection percentages. On the other hand in varieties like T-78, 

TV-18, T-135, UP-9, BSS-2, UP-2, TV-9, UP-3, UP-17 and TV-28 the infection 

percentage was high. The PTA-ELISA format was employed for the detection of cross 

reactive antigens (CRA) shared between E. vexans and tea. Absorbance value (A40S) was 

always higher in susceptible host pathogen combinations than resistant ones. Among the 

thirty varieties tested T-78 was showed highest absorbance value while T-17/1/54 

obtained least. Reciprocal cross reactions involving PAbs of tea varieties (T-17/1/54 and 

T-78) and antigens of host, pathogen {E. vexans), non pathogen (F. oxysporum) and non 

hosts (Z,. leucocephala, O. sativa, G. max) were also investigated.

Indirect immunofluorescence tests were performed in this study for cellular 

localization of major CRA in tea leaf tissues. Cross sections of healthy tea leaves 

exhibited a natural bright yellow autofluorescence mainly on the cuticle. Bright apple 

green fluorescence distributed mainly over epidermal cells, mesophyll tissue and xylem 

elements was exhibited more strongly in susceptible tea varieties (T-78, T-135 and UP-9) 

compared with resistant ones (T-17/1/54, BS-7A/1/76 and BSS-3) when probed with PAb 

of pathogen and labelled with FITC.
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Figure 20 A. Schematic representation of methods adopted.
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Ultrastnictural immunocytochemical studies to locate CRA shared by E. vexans 

and C. sinensis through transmission electron microscopy (TEM)‘.'3iealthy leaf tissues of 

susceptible variety treated with PAb-EV showed specific localization in healthy tissue, 

however probe signal was less. It confirmed the co-evolution of pathogen and host for 

their understanding to establish successfully to cause the disease.

Early detection of E. vexans could be possible using PTA-ELISA formats. DIBA 

revealed widely differed intensities among the varieties artificially inoculated with the 

pathogen. A good correlation was found between the two techniques as results of DIBA 

gave similar level of detection as in PTA-ELISA. Immunofluorescent studies on 

basidiospores of E. vexans were performed in the present discourse using . PAb-EV. 

The spores were not autofluorescent but nevertheless showed a general fluorescence 

along the spore walls with homologous antiserum demonstrating specificity o f the 

antiserum. The chemical nature of germinated spore walls o f E. vexans was confirmed by 

Con A-FITC binding as glycoprotein. Direct detection o f the fungus in leaf tissues using 

a unique non-fluorescent stain (Fast blue BB salt) in immunoenzymatic assays, revealed 

intense fungal colonization following treatment with PAb of E. vexans. Deep blue 

coloured fungal colonies were clearly visible in naturally infected as well as artificially 

inoculated tea leaf tissues which was noticeably more in susceptible varieties (T-78 and 

UP-2) compared to resistant ones (TV-30). In addition immunogold labelling of 

E. vexans in blister infected tea leaf tissues was also performed and intense labelling was 

observed on fungal mass that had established. Ultrastructural observations on penetration, 

colonization and cytological modifications in blister blight infected tea leaf tissues 

showed penetration of the fungus. Biochemical and immunological characterization of 

pathogen induced (PI) protein in tea leaf tissues were explored. On probing with PAb- 

EV 1 recognition of two proteins of approximately 58 and 15 kDa was observed only in 

the E. vexaw-inoculated leaf samples, which were absent in healthy leaf samples.

Protein profiles of total soluble proteins as well as acid soluble proteins (ASP) in 

leaf homogenates obtained from tea plants growing under natural conditions were 

examined. A number of proteins of diverse molecular masses were identified. Results
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obtained following analysis of total soluble proteins displayed similar proteins of ca.45, 

85 and 100 kDa in most Darjeeling and Tocklai varieties and rarely in UPASI varieties. 

Analysis in the protein pattern of acidic extracts from thirty tea varieties revealed 

presence of bands mainly with molecular weights of less than 27.5 kDa. Differences were 

observed in number of PR-proteins in the different varieties. PR-proteins of 50-60 kDa 

and 10-15 kDa were detected in most varieties. An attempt was also made in this study to 

see whether such responses could be induced in tea plants following inoculation with the 

pathogen, E. vexans. ASP of the artificially inoculated tea varieties clearly exhibited 

increase in intensity of few bands and also exhibited appearance of new bands that were 

not revealed in xminoculated control plants. This study also provides evidence that the 

induced acid soluble proteins had antifiingal activity. In the present study, PR-protein 

accumulation was measured in healthy, infected and leaves exhibiting hypersensitive 

reactions against E. vexans under field conditions. Chitinase activity was always found to 

be lower in the compatible interactions in comparison to resistant and healthy ones with 

highest accumulation in the disease fi’ee leaf samples collected from tea bushes which 

have acquired immunity towards environmental stress(es) as well as the leaves showing 

hypersensitive reaction against the pathogen {E. vexans) attack resulting in resistant 

reaction towards the pathogen. P-l,3-glucanase activity was consistently high in disease 

free leaf samples of all gardens with an abrupt increase in the enzyme activity in the 

initial stages of infection and decreased activity as the disease developed as well as in 

resistant reactions. The peroxidase activity displayed a constant increase during the stages 

of infection and the values obtained for the different stages of infection were always 

higher than that of healthy samples. Of major significance was the increase in enzyme 

activity in resistant samples. Such higher peroxidase activities may be correlated with 

greater resistance. Following infection with E. vexans two new isozymes of Rm 0.125 and 

Rm 0.67 were visualized in compatible interactions and interestingly a band of . R^ 0.44 

was observed only in leaves exhibiting hypersensitive reactions.

Time course experiments revealed enhancement in activity of the defense 

enzymes chitinase, P-l,3-glucanase and peroxidase in plants inoculated with E. vexans at 

specific time intervals. After 24 h of inoculation chitinase and P-l,3-glucanase displayed
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a peak rise whereas peroxidase was high after 48 h of inoculation in both resistant (BS- 

7A/1/76, T-17/1/54, BSS-1, BSS-3, TV-20, TV-26, TV-29 and TV-30) and susceptible 

(AV-2, RR-17, TS-449, T-78, UP-9, UP-17, UP-26, TV-18, TV-22 and TV-23) varieties. 

Isozymes of peroxidase were constitutively present in healthy leaves. Upon artificial 

inoculation of the different varieties (T-17/1/54, BSS-3 and TV-18) a common band of 

Rm 0.25 appeared in all varieties. Another band of Rm 0.75 was consistent in the 

Darjeeling resistant variety (T-17/1/54). In Tocklai variety (TV-18) a new isozyme of 

Rm 0.45 appeared in all inoculated extracts witb»24 h and was persistent up to 48 h.

Hence, in the present investigation it was demonstrated that defense enzymes 

assayed in the extracts from leaves o f inoculated (with E. vexans) tea plants were strongly 

stimulated by infection. The enzyme activities of both resistant and susceptible varieties 

following inoculation were higher than their respective controls throughout. Chitinase 

and p-l,3-glucanase appear as the first set o f defense enzymes followed by peroxidase. 

In vitro antifungal assays with purified chitinase markedly inhibited spore germination of 

E. vexans. However, complete inhibition of spore germination was observed in solutions 

containing both chitinase and p-l,3-glucanase.

Attempts were also made to further characterize the PR-proteins of tea triggered 

by E. vexans by immunological means. PAbs raised against the purified chitinase (PR-3) 

and p-l,3-glucanase (PR-2) was tested for effectiveness by immunodiffusion which 

revealed strong precipitin bands and further optimized by PTA-ELISA formats. 

Accumulation of the PR-proteins in tea plants (T-17/1/54, BSS-3, TV-26, TV-30, TV-29, 

T-135, T-78, UP-9, TV-18, HV-39, BSS-2, UP- 8  and CP-1) inoculated with E. vexans 

started at an early stage after inoculation with- higher concentration, than uninoculated 

healthy control, which was detected by PTA-ELISA.

In the present study, it was observed that acidic proteins extracted from tea leaves 

changed following inoculation with E. vexans, with stronger signals for PR-proteins in 

the incompatible reaction than in the compatible reaction as evidenced in DIBA. Soluble 

proteins when run on SDS-gels revealed a band of ca. 45 kDa that was universal in all 

protein extracts of tea plants appearing to be constitutively present. Western blotting 

experiments performed with healthy and E. vexans-mocxxXaXed extracts hybridized with
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PAb-CHT, revealed a common band ca. 14 kDa in addition to the main bands of ca. 

42 and 45 kDa and two more bands of ca. 61 and 20 which were vmique to the 24 h- 

interval however a weak signal of the ca. 42 and 14 kDa bands were sometimes revealed 

even after 48 h of inoculation, but never obtained 72 and 96 h post inoculation. While 

with the p-l,3-glucanase probe (PAb-pGLU) a band of ca. 33 kDa was observed in 

E. vexans inoculated plants and was induced to a much greater extent in resistant varieties 

during the course of pathogenesis. A band of ca. 25 kDa was common in all protein 

extracts of tea plants, which appeared on treatment with PAb-PGLU. Constitutive 

expression of chitinase in tea plants was observed and were triggered by E. vexans to 

higher levels in resistant varieties in comparison to susceptible varieties suggesting that 

they might play a role in early stages of infection. Induction of both the hydrolytic 

enzymes p-l,3-glucanase and chitinase were also evident. In vitro antifungal activity of 

the purified chitinases was established against few foliar fungal pathogens (G. cingulata 

and C. pallescens) of tea.

Induction of PR-proteins in suspension-cultured tea cells following inoculation with 

Exobasidium vexans or treatment with salicylic acid and jasmonic acid were 

demonstrated. The PR-proteins were induced in all interactions where chitinase activity 

was more rapid in comparison to P-l,3-glucanase activity. Interestingly the response of 

the varieties varied with the treatments nevertheless resistant varieties always showed 

higher levels of enzyme activity in comparison to the susceptible ones. Elicitation of the 

PR-proteins by salicylic acid was found to be significantly higher than jasmonic acid as 

well as biotic {E. vexans) elicitation in all varieties treated. Western blot analysis revealed 

three proteins with apparent molecular weights of 20, 42 and 45 kDa and tv/o proteins of 

ca.33 and 25 kDa when probed with PAb-CHT and PAb-GLU respectively. Intense 

fluorescence was observed with both antisera following abiotic treatments.

In the present study, the levels of antifungal phenolics (pyrocatechol) in leaves of 

resistant and susceptible tea varieties were determined following inoculation with 

E. vexans. Host responses could be differentiated by changes in content o f pyrocatechol 

as analysed by UV-spectrophotometer and HPLC. This was found to be antimicrobial as 

tested against E. vexans, C. pallescens and B. megaterium. Greater accumulation of



pyrocatechol in resistant interaction of E. vexans and tea varieties indicated that this may 

play a role in the disease resistance mechanism.

Catechin could be detected mainly from the healthy tea leaf extracts of all the four 

varieties tested that showed the highest fungitoxic activity in the spore germination assay 

as well as agar cup bioassay. Inherent catechins present in tea plants were stimulated 

during the resistant reaction with blister blight pathogen. In naturally blister-infected 

leaves undergoing susceptible reactions leaf samples exhibited less isoforms of catechins 

than healthy leaves. Interestingly two major peaks at 13.9 and 18.7 retention times 

present in healthy leaves were found to be absent in blister infected leaves, which re

appeared during the hypersensitive interaction with recovery percentages of 92 and 86 

respectively.

In the present study, few abiotic inducers including mercuric chloride, 

di-potassium hydrogen phosphate and salicylic acid, were applied on tea plants as 

inducers of resistance. Most promising resuhs were obtained with salicylic acid . Defense 

enzyme activity increased with application of the fungicides, however level of protection 

of hexaconazole was higher in comparison to calixin sprayed tea plants. Plant products 

including Biocrop (commercial biocide) and aqueous leaf extracts of Azadirachta indica 

and Catharanthus roseus when treated on the tea plants showed, enhancement in the 

levels of defense enzymes -chitinase, P-l,3-glucanase, peroxidase and phenylalanine 

ammonia lyase which rendered the leaves resistant to E. vexans. Among the three 

treatments A. indica extracts were less effective in comparison to Biocrop and C. roseus 

extracts.

Induction of resistance in tea varieties against blister blight pathogen was 

attempted with a few abiotic inducers. Salicylic acid and hexaconazole treated tea leaves 

reacted with PAb-CHT and PAb-PGLU followed by labelling with FITC, developed 

strong bright apple green fluorescence in the epidermal and homogenously in mesophyll 

tissues. In healthy leaves fluorescence was limited to the epidermis and certain elements 

like sclereids. Additionally, leaves o f plants induced with the phytoextracts of 

Azadirachta indica and Catharanthus roseus were also immunolabelled separately with 

PAb-CHT (PR-3) and PAb-pGLU (PR-3) and FITC. Observations were motivating and
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revealed enhancement o f chitinase and glucanase in the leaf tissues following induction, 

which was more intense in C. roseus, induced plants.

Ultrathin sections from E. vexans -  inoculated tea leaves followed by gold labelling 

indicated accumulation of the defense protein chitinase and is most likely connected with 

inhibition of E. vexans multiplication or induced in a systemic mode. In the healthy 

plants, the labelling was recorded, confirming that chitinase is constitutively present. 

Considering the presence of chitinase not only in the surrounding area but also distant 

from infected cells it may be attributed that the chitinase is induced both locally and 

systemically.

Elaborate studies of compatible and incompatible interaction between E. vexans - Tea 

provided clues for formulation of strategies of induction of resistance. It is crystal clear 

that chitinase and p-l,3-glucanase play a crucial role in the initial event which might be 

vital for tea plants to combat the blister-blight pathogen followed by elevated levels of 

peroxidases and expression of phenylalanine ammonia lyase leading to formation of 

polyphenolic compounds including antifungal phenolics and catechins. Interplay o f the 

antifungal PRps - PR-2, PR-3 and the enzyme peroxidase -  PR- 9 that is required for 

final polymerization of the phenolic derivatives enables tea plants to develop a long 

lasting broad spectrum resistance or SAR as summarized in Figure 20 B.

In future, immunization of tea plants with these SAR inducing agents and also those 

with limited expenses such as, botanical extracts can be employed in the field to boost the 

natural defense system of tea plants, which would provide farmers with an additional 

option for low risk disease control in crops that will be cost effective, as well as 

ecofriendly.
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Figure 20 B. Schematic presentation of involvement of PR-proteins in developing 
resistance against Exobasidium vexans.


