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4. Results 

4.1: Selection of pathogens and survey of the study area 

Several pathogens were isolated from the present study area by the 

previous workers of the present laboratory. Some of them are 

Colletotrichum gloeosporioides (producing brown blight disease symptoms 

in tea), Curvularia eragrostidis (producing leaf spot disease symptom in tea) 

and Lasiodiplodia theobromae (which attack young tender leaves as well as 

tender stem and root of tea plants). Study of the transcripts following 

induction (by resistance inducers) and inoculation by pathogens were the 

thrust area of the present study. Hence, at least one host and one 

pathogen need to be studied in details. In the present study detailed 

pathogenicity of three pathogens were determined in four different varieties 

of tea plants. Finally from that one host and pathogen were selected for the 

transcriptome analysis towards resistance induction. 

However, before initiation of the present work it was considered 

worthwhile to survey the present status of four diseases prevalent in the 

present study area. This was done on the basis of visual observation of 

symptoms in four major tea gardens of the area. During survey, it was 

found that Colletotrichum gloeosporioides, Curvularia eragrostidis and 

Lasiodiplodia theobromae were present in the study area (Table 4.1). Out of 

these three two pathogens (C. gloeosporioides and C. eragrostidis) were 

found to attack leaves only. L. theobromae attacked leaf, root and stem in 

case of young plants. Another pathogen such as Pestalotiopsis theae 

although attack severely in the different tea plants of different tea estates 

surveyed (Table 4.1), but they generally attack mature leaves. Considering 

the damage created by the pathogens in the young leaves, three pathogens 

were initially selected among the disease causing pathogens for further 

studies.  

To understand intriguing mechanisms of host pathogen interaction 

and resistance induction by inducers several experiments have been 
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performed. However, before going to the mechanisms, it was considered to 

varieties of tea. The fungal isolates used in the present study were collected 

postulations.  

Table 4.1:  Different tea diseases found in the tea gardens 

Tea gardens 
visited 

Disease symptoms visualized (%) on leaves 

Brown blight 
(Caused by C. 

gloeosporioides) 

Gray blight 
(Caused by 
P. theae) 

Leaf spot* 
(Caused by C. 
eragrostidis) 

Dark brown 
necrotic spot 
(Caused by L. 
theobromae) 

Gaya ganga tea 
estate  

76 74 60 54 

Bagdogra tea 
estate 

77 75 58 54 

Matigara tea 
estate 

74 75 60 55 

Kharibari tea 
estate

72 70 59 52 

Average of the 
four tea 
gardens 

74.75±1.11 73.5±1.19 59.25±0.48 53.75±0.63 

.*Leaf spot with restricted margin; Data after ± represent standard error values 

 

4.2: Pathogenicity test of pathogenic fungus in different tea varieties                                                       

Pathogenicity of three fungal pathogens (Colletotrichum 

gloeosporioides, Curvularia eragrostidis and Lasiodiplodia theobromae) were 

tested by detached leaf inoculation technique and cut shoot inoculation 

technique. The inoculation techniques of detached leaf and cut shoot have 

been discussed in details in the materials and methods (Section 3.7). Four 

different tea varieties were used for the experiment. The disease assessment 

procedures and details of incubation periods have been mentioned in the 

materials and methods (Section 3.8). 

4.2.1: Pathogenicity of three pathogens in tea varieties following 

detached leaf inoculation technique 

Pathogenicity of C. gloeosporioides, C. eragrostidis and Lasiodiplodia 

theobromae were performed on detached leaves of 4 different varieties (viz., 
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TS-463, TS-520, Teenali and TV-26) of tea. The results presented in the 

Table 4.2, 4.3 and 4.4 represents percentage of lesion formed and mean 

diameter of lesions after 24, 48 and 72 hours of incubation. Details of the 

inoculation technique and disease assessment have been discussed in the 

materials and methods section 3.7.1 and 3.8.1 respectively. The leaves were 

mounted with spore suspension droplets and the brown necrotic infected 

sites were termed as lesions (Fig. 4.1). The lesions were counted and 

diameters of the lesion were measured. The percentages of lesions formed 

in three separate experiments (i.e., replicates) were taken. The mean values 

of the three experiments were tabulated.  

On the basis of the data presented in the Table 4.2, it is evident that 

the three varieties (Teenali, TS-520 and TS-463) were susceptible but TV-26 

showed resistance against the pathogen C. gloeosporioides. C. 

gloeosporioides inoculated Teenali, TS-520 and TS-463 leaves produced 

82.60%, 75.33% and 68.83% lesions respectively but TV-26 produced 

27.83% lesion. In the present study we considered a variety as highly 

susceptible when it produced more than 70% lesion and resistant when the 

lesion production was less than 30% after 72 h of incubation. The varieties 

were considered as moderately susceptible when 40% to 60% lesion 

formation was observed. From the results it was found that Teenali and TS-

520 are highly susceptible but TS-463 was moderately susceptible and TV-

26 was resistant against C. gloeosporioides. The mean diameter of lesions 

produced after 72 h of inoculation by C. gloeosporioides were 10.16 mm, 

9.0 mm and 8.56 mm in case of tea varieties Teenali, TS-520 and TS-463 

respectively. In resistant variety TV-26, the mean diameter of lesions was 

1.86 mm after 72 h of inoculation. 

From the results (Table 4.3), it was found that 73.16%, 70.20%, 

65.00% and 27.00% lesions were produced respectively in Teenali, TS-520, 

TS-463 and TV-26 by C. eragrostidis inoculation and after incubation of 

72h. From the results, Teenali and TS-520 were considered as highly 

susceptible varieties but TS-463 was moderately susceptible. The variety 

TV-26 was also found to be resistant against C. eragrostidis inoculation. 
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The susceptible varieties Teenali, TS-520, TS-463 showed the mean lesion 

diameter of 9.20 mm, 8.50 mm and 7.25 mm respectively, where as the 

resistant variety TV-26 showed lesion diameter 1.60 mm after 72h of 

inoculation under similar conditions. 

 

 

Fig. 4.1: Pathogenicity test by detached leaf inoculation showing black 
lesions.  
 

On the basis of the data presented in the Table 4.4, it was evident 

that Teenali, TS-520 and TS-463 are moderately susceptible against L. 

theobromae because they produced 64.66%, 61.75% and 61.66% lesions 

respectively. TV-26 was considered as highly resistant variety because it 

produced 19.50% lesion against L. theobromae after 72h of inoculation. The 

mean lesion diameters after 72 h of inoculation by L. theobromae were 6.10 

mm, 5.26 mm and 5.30 mm in case of Teenali, TS-520 and TS-463 

respectively. The variety TV-26 showed the lesion diameter of 2 mm after 

72h of inoculation with L. theobromae. 
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Table 4.2: Pathogenicity test of Colletotrichum gloeosporioides on 
detached leaves of selected tea varieties  

Tea 
Varieties 

a Percentage of lesion formed b Mean diameter of lesion (mm) 

Incubation periods (Hours) Incubation periods (Hours) 

24 h 48 h 72 h 24 h 48 h 72 h 

TV-26 0 0 27.83±0.60 0 0 1.86±0.17 

Teenali 42.25±0.52 62.91±0.46 82.60±0.95 1.70±0.20 4.0±0.11 10.16±0.72 

TS-520 31.66±0.70 50.0±0.58 75.33±0.90 1.20±0.12 3.70±0.15 9.0±0.21 

TS-463 30.66±0.33 45.0±0.57 68.83±0.60 1.20±0.10 3.83±0.12 8.56±0.23 

CD (5%) 1.13 1.73 2.85 0.44 0.40 1.11 
a Mean of 3 replications. 
b Mean of 30 lesions. 
Data after ± represent standard error values. 

 

Table 4.3:  Pathogenicity test of Curvularia eragrostidis on detached 
leaves of different tea varieties 

Tea 
Varieties 

a Percentage of lesion formed b Mean diameter of lesion (mm) 

Incubation periods (Hours) Incubation periods (Hours) 

24 h 48 h 72 h 24 h 48 h 72 h 

TV-26 0 0 27.0±0.35 0 0 1.60±0.07 

Teenali 34.66±0.82 56.25±0.81 73.16±0.54 1.87±0.04 4.06±0.08 9.20±0.20 

TS-520 33.50±0.50 58.00±0.73 70.20±0.76 1.30±0.03 4.00±0.14 8.50±0.28 

TS-463 35.00±1.15 55.00±1.73 65.00±0.57 1.25±0.12 3.50±0.17 7.25±0.22 

CD (5%) 2.59 3.57 1.95 0.23 0.44 0.71 
a Mean of 3 replications. 
b Mean of 30 lesions. 
Data after ± represent standard error values. 

 

Table 4.4: Pathogenicity test of Lasiodiplodia theobromae on 
detached leaves of different tea varieties 

Tea 
Varieties 

a Percentage of lesion formed b Mean diameter of lesion (mm) 

Incubation periods (Hours) Incubation periods (Hours) 

24 h 48 h 72 h 24 h 48 h 72 h 

TV-26 0 0 19.50±0.76 0 0 2.00±0.10 

Teenali 28.00±1.00 43.66±0.73 64.66±1.10 1.30±0.11 3.53±0.14 6.10±0.15 

TS-520 30.50±0.29 42.16±0.60 61.75±0.95 1.26±0.09 3.16±0.12 5.26±0.32 

TS-463 31.50±0.86 41.00±1.15 61.66±1.20 1.20±0.10 3.20±0.11 5.30±0.30 

CD (5%) 2.56 2.70 3.12 0.25 0.39 0.67 
a Mean of 3 replications. 
b Mean of 30 lesions. 
Data after ± represent standard error values. 
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4.2.2: Pathogenicity of three pathogens in tea varieties following Cut 

shoots inoculation technique 

Twigs containing three to four leaves were selected for pathogenicity 

test of C. gloeosporioides, C. eragrostidis and L. theobromae. Details of the 

experimental set up and diseasement have been discussed in the materials 

and methods (sections 3.7.2 and 3.8.2). The results were computed 

following the method of Sinha and Das (1972) and presented in the tables 

4.5, 4.6 and 4.7 respectively.  The tea varieties, which showed the mean 

disease index/shoot values between 1.00 and 1.50 after 72h of inoculation, 

were considered as moderately resistant tea varieties. When the value of 

mean disease index/shoot was less than 1.00 those tea varieties were 

considered as resistant varieties. Tea varieties were considered as 

susceptible when mean disease index/shoot values was more than 1.50. 

From the result (Table 4.5) of mean disease index/shoot value, it was 

evident that Teenali was most susceptible variety and TV-26 was the most 

resistant variety against C. gloeosporioides after 72 h of inoculation. The 

mean disease index/shoot values of Teenali, TS-520, TS-463 and TV-26 

varieties were 1.70, 1.50, 1.55 and 0.8 after 72 h of inoculation. From the 

disease index data it was found that the mean disease index was maximum 

in Teenali plants than that of TV-26 plants, so Teenali was considered as 

most susceptible and TV-26 was considered as most resistant variety 

against C. gloeosporioides after 72 h inoculation, while another susceptible 

variety TS-463 showed mean disease index value of 1.55. TS-520 was also 

considered as marginally moderately susceptible tea variety against C. 

gloeosporioides as it showed mean disease index/shoot value of 1.50 after 

72 h of inoculation.  

From the table 4.6 it was found that in case of Teenali the mean 

disease index/shoot value was 1.60 while TV-26 showed 0.75 mean disease 

index/shoot value after 72 h of post inoculation by C. eragrostidis. Hence, 

on the basis of mean disease index/shoot, Teenali was considered as most 

susceptible and TV-26 was a most resistant tea variety against C. 

eragrostidis. Other tea varieties like TS-520 and TS-463 showed the mean 
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disease index/shoot values of 1.45 and 1.50 respectively after 72 h of 

inoculation. From the disease value both the tea varieties (TS-520 and TS-

463) were considered as moderately susceptible varieties against C. 

eragrostidis.  

Table 4.5: Pathogenicity test of Colletotrichum gloeosporioides on cut 
shoots of different tea varieties 

Tea 
Varieties 

Mean foliar disease index/shoot* 
Incubation periods (Hours) 

24 h 48 h 72 h 
TV-26 0 0 0.86±0.09 
Teenali 0.18±0.01 0.57±0.01 1.73±0.08 
TS-520 0.15±0.01 0.47±0.01 1.50±0.06 
TS-463 0.16±0.01 0.50±0.05 1.55±0.03 
CD (5%) 0.04 0.11 0.24 
* Mean of 3 replications, Data after ± represent standard error values. 
**Data presented on the basis of 10 cut shoots per treatment. 
 

From the pathogenicity results of L. theobromae (Table 4.7), it was 

found that the tea varieties like Teenali, TS-520, TS-463 and TV-26 showed 

mean foliar disease index/shoot values of 1.30, 1.15, 1.20 and 0.70 

respectively after 72h of inoculation. So, from the results it was evident that 

after 72h of inoculation TV-26 was most resistant and all the other three 

varieties like Teenali, TS-520 and TS-463 were moderately susceptible. No 

variety was found most susceptible on the basis of mean disease index 

value when inoculated with L. theobromae.  

Table 4.6:  Pathogenicity test of Curvularia eragrostidis on cut shoots 
of different tea varieties 

Tea Varieties 

Mean foliar disease index/shoot* 
Incubation periods (Hours) 

24 h 48 h 72 h 
TV-26 0.10±0.01 0.25±0.01 0.75±0.02 
Teenali 0.18 ±0.10 0.45±0.02 1.60±0.03 
TS-520 0.15±0.00 0.43±0.02 1.45±0.03 
TS-463 0.16±0.01 0.42±0.04 1.50±0.04 
CD (5%) 0.07 0.05 0.34 

* Mean of 3 replications, Data after ± represent standard error values. 
**Data presented on the basis of 10 cut shoots per treatment. 
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Table 4.7: Pathogenicity test of Lasiodiplodia theobromae on cut 
shoots of different tea varieties 

Tea Varieties 

Mean foliar disease index/shoot* 
Incubation periods (Hours) 

24 h 48 h 72 h 
TV-26 0.15±0.04 0.45±0.08 0.70±1.06 
Teenali 0.25±0.02 0.81±0.03 1.30±0.08 
TS-520 0.20±0.01 0.44±0.03 1.15±0.07 
TS-463 0.21±0.01 0.50±0.02 1.20±0.09 
CD (5%) 0.04 0.08 0.41 

* Mean of 3 replications, Data after ± represent standard error values. 
**Data presented on the basis of 10 cut shoots per treatment. 

4.3. Induction of defense by abiotic inducers and disease assessment 

On the basis of pathogenicity tests it was found that two pathogens 

Colletotrichum gloeosporioides and Curvularia eragrostidis were most 

destructive in comparison to Lasiodiplodia theobromae in case of young 

pluckable leaves. Hence, two fungi (Colletotrichum camelliae and Curvularia 

eragrostidis) were considered for further studies related to induction of 

defense in susceptible tea plants. Three different abiotic inducers (BTH, 3-

ABA, and GABA) were used to study the induction of resistance in three 

susceptible tea plants by visual observation-based disease evaluation (by 

mean foliar disease index). Details of the treatment and disease index 

computation process have been discussed in the materials and methods 

(sections 3.7.3 and 3.8.2). Concentration of the chemicals used was 1mM. 

4.3.1. Induction of defense in susceptible tea plants by abiotic 

inducers and disease assessment against Colletotrichum 

gloeosporioides 

From the results presented in table 4.8 we find that disease index 

was reduced significantly to 3.1 from 6.0 (against Colletotrichum 

gloeosporioides) which were found in control plants where BTH induction 

was not done. BABA and GABA also could reduce disease incidence close to 

BTH induction in susceptible tea plants of variety TS-463 
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Similar experiments in another susceptible variety (TS 520) were also 

performed and results have been presented in table 4.9. From the results 

we find disease index reduced to 3.0 from 6.2 (found in control plants) in 

case of BTH treated plants after 7 days of treatment and inoculation.  

BABA and GABA also could reduce disease occurrence but BTH was best 

among the three abiotic inducers tested. 

BTH induced plants of Teenali variety showed best induction of 

resistance as we find from the results presented in table 4.10. BTH induced 

plants of the Teenali variety showed reduction of disease index from 6.72 

(found in control) to 2.80 (BTH treated plants). In this variety also BTH was 

found to be best inducer of resistance than the BABA and GABA. 

4.3.2. Induction of defense in susceptible tea plants by abiotic 

inducers and disease assessment against Curvularia eragrostiddis 

When induction of resistance by three abiotic inducers were studied 

against Curvularia eragrostiddis, we found that after seven days disease 

index was reduced significantly to 3.0 from 5.5 by BTH in susceptible tea 

plants of variety Teenali (Table 4.11). From the results of disease index 

presented in table 4.11 we also find that BABA and GABA also could 

reduce disease incidence almost similar to BTH induction.  

Table 4.8: Disease incidence following application of abiotic inducers 
in susceptible tea plants (TS-463) against Colletotrichum 
gloeosporioides 

Treatments 

Mean foliar index disease /plant* 
Incubation periods (Days) 

1d 3d 5d 7d 

Untreated-inoculated (Control) 0.18±0.02 1.55±0.17 4.10±0.26 6.00±0.41 

Treated with BTH and C. 
gloeosporioides  inoculated 

0.16±0.01 1.15±0.07 2.90±0.52 3.10±0.29 

Treated with BABA and  
C. gloeosporioides  inoculated 

0.17±0.01 1.20±0.11 3.00±0.57 3.20±0.39 

Treated with GABA and  
C. gloeosporioides  inoculated 

0.17±0.02 1.25±0.14 3.10±0.57 3.26±0.49 

CD (5%) 0.06 0.22 0.58 0.87 
* Mean of 3 replications, Data after ± represent standard error values. 
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Table 4.9: Disease incidence following application of abiotic inducers 
in susceptible tea plants (TS-520) against Colletotrichum 
gloeosporioides 

Treatments 

Mean foliar index disease /plant* 
Incubation periods (Days) 

1d 3d 5d 7d 
Untreated-inoculated (Control) 0.18±0.01 1.75±0.27 4.0±0.21 6.2±0.34 

Treated with BTH and  
C. gloeosporioides  inoculated 

0.16±0.01 1.10±0.07 2.9±0.57 3.0±0.50 

Treated with BABA  
C. gloeosporioides  inoculated 

0.17±0.01 1.20±0.11 3.0±0.55 3.2±0.41 

Treated with GABA and  
C. gloeosporioides  inoculated 

0.17±0.01 1.25±0.19 3.1±0.55 3.3±0.49 

CD (5%) 0.03 0.46 0.57 0.61 
* Mean of 3 replications, Data after ± represent standard error values. 
 

Table 4.10: Disease incidence following application of abiotic inducers 
in susceptible tea plants (Teenali) against Colletotrichum 
gloeosporioides 

Treatments 

Mean foliar index disease /plant* 
Incubation periods (Days) 

1d 3d 5d 7d 

Untreated-inoculated (Control) 0.21±0.06 2.00±0.30 4.30±0.14 6.72±0.43 

Treated with BTH and  
C. gloeosporioides  inoculated 

0.20±0.03 1.00±0.34 2.70±0.18 2.80±0.46 

Treated with BABA  
C. gloeosporioides  inoculated 

0.21±0.02 1.10±0.46 2.80±0.29 3.2±0.39 

Treated with GABA and  
C. gloeosporioides  inoculated 

0.21±0.02 1.20±0.30 2.90±0.46 3.0±0.46 

CD (5%) 0.05 0.27 0.53 1.03 
* Mean of 3 replications, Data after ± represent standard error values. 

 

The same three inducers were also applied in another susceptible 

variety TS 520 (Table 4.12). In this case disease index was drastically 

reduced to 2.8 by BTH treatment in comparison to control where disease 

index was 5.0 after five days of treatment and inoculation.  BABA and 

GABA also could significantly reduce disease occurrence in the variety TS 

520.  

When similar treatments were done on variety TS-463 (Table 4.13), 

we found reduction of disease index from 5.0 (in control set, where plants 
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were inoculated by C. eragrostidis only) to 3.0 after seven days of treatment 

by BTH followed by inoculation by the pathogen. Almost similar results 

were observed in case of induction treatments by BABA and GABA along 

with inoculation after treatment. 

Table 4.11: Disease incidence following application of abiotic inducers 
in susceptible tea plants (Teenali) against Curvularia eragrostidis 

Treatments 

Mean foliar index disease /plant* 

Incubation periods (Days) 
1d 3d 5d 7d 

Untreated-inoculated (Control) 0.19±0.03 1.2±0.15 4.25±0.30 5.50±0.29 

Treated with BTH and  
C. eragrostidis inoculated 

0.17±0.03 0.95±0.16 2.9±0.45 3.0±0.57 

Treated with BABA and  
C. eragrostidis inoculated 

0.18±0.06 1.0±0.23 3.0±0.51 3.1±0.47 

Treated with GABA and  
C. eragrostidis inoculated 

0.18±0.05 1.0±0.17 3.1±0.45 3.2±0.41 

CD (5%) 0.03 0.55 0.54 0.89 

* Mean of 3 replications, Data after ± represent standard error values. 

 

Table 4.12: Disease incidence following application of abiotic inducers 
in susceptible tea plants (variety TS-520) against Curvularia 
eragrostidis 

Treatments 

Mean foliar index disease /plant* 

Incubation periods (Days) 
1d 3d 5d 7d 

Untreated-inoculated (Control) 0.17±0.01 1.5±0.21 3.75±0.14 5.0±0.29 

Treated with BTH and  
C. eragrostidis inoculated 

0.16±0.01 1.10±0.26 2.70±0.29 2.8±0.58 

Treated with BABA and  
C. eragrostidis inoculated 

0.16±0.01 1.15±0.07 2.80±0.20 3.0±0.24 

Treated with GABA and  
C. eragrostidis inoculated 

0.17±0.02 1.17±0.11 2.85±0.42 3.1±0.26 

CD (5%) 0.04 0.68 0.69 0.78 
* Mean of 3 replications, Data after ± represent standard error values. 
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Table 4.13: Disease incidence following application of abiotic inducers 
in susceptible tea plants (variety TS-463) against Curvularia 
eragrostidis 

Treatments 

Mean foliar index disease /plant* 

Incubation periods (Days) 
1d 3d 5d 7d 

Untreated-inoculated (Control) 0.15±0.02 1.30±0.21 3.80±0.29 5.00±0.58 

Treated with BTH and  
C. eragrostidis inoculated 

0.15±0.02 0.95±0.20 2.90±0.10 3.00±0.29 

Treated with BABA and  
C. eragrostidis inoculated 

0.15±0.02 1.00±0.11 2.80±0.34 3.06±0.29 

Treated with GABA and  
C. eragrostidis inoculated 

0.16±0.01 1.00±0.11 2.80±0.34 3.10±0.21 

CD (5%) 0.03 0.61 0.42 0.49 

* Mean of 3 replications, Data after ± represent standard error values. 

 

4.4. Induction of defense-related enzymes in susceptible variety of tea 

by abiotic inducers and studies on some defense related enzymes. 

Three different defense related enzymes were studied following 

induction of susceptible tea plants by three known abiotic inducers. 

Phenylalanine ammonia lyase (PAL) is a key player in phenyl-propanoid 

pathway. This pathway converts L-Phenylalanine to trans-cinnamic acid 

first and then tras- cinnamic acid lead to the synthesis of defense related 

compounds like lignin, phytoalexins such as isoflavonoids and caumarins 

(Dixon and Lamb, 1990; Mahadevan and Sridhar, 1996). PAL activity has 

been reported to increase by application of BABA (Newton et al. 1997) and 

BTH (Gorlach et al. 1996). 

 Pathogenesis related protein -1,3 glucanase has an important role 

in hydrolyzing -1,3 glucans present in chitin, one of the major cell wall 

component embedded in matrix (Lawrence et al. 1996). Thus -1,3 

glucanase plays an key role in plant defense against invading plant 

pathogenic fungi. Kini et al. (2000) has reported higher -1,3 glucanase 

activity in some resistant plants and low in the susceptible plants. Thus 

induction of the enzyme by exogenous application of some abiotic inducers 

in susceptible varities of tea was taken into consideration. 
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 Another defense enzyme, peroxidase, is related to stress and has 

been reported to be induced in plants by various environmental changes 

such as salts, temperature, heavy metals (Kiwan and Lee, 2003), Air 

pollution, (Lee et al. 2000). As peroxidase also treated as pathogenesis 

related proteins (PR 9) and peroxidase induction in plants has been 

reported by some scientists (Kiwan and Lee, 2003; Lee et al., 2000), its 

induction by abiotic inducers in susceptible varities of tea was also been 

taken into consideration. 

4.4.1. Activity of PAL with abiotic inducers 

In the present study, enzymatic response of PAL in susceptible tea 

variety was studied by the exogenous application of different abiotic 

inducers such as BTH, BABA and GABA. Six month old tea plants were 

used for induction of PAL. Plants are divided into eight sets on the basis of 

treatment and each set contained ten plants. The detailed procedure of 

application of abiotic inducers and challenge-inoculation with pathogens 

has been discussed in materials and methods (Section-3.7.3) and the 

procedures of enzyme assay has been discussed in Section 3.9 

From the results (Table 4.14 & Fig. 4.2) it has been found that the 

activity of PAL was increased in BTH treated plants about two fold after 

4days and then declined but further increased after 6 days after treatment. 

BABA and GABA treated plants showed minor increase in PAL activity. 

Plants inoculated with Colletotrichum gloeosporioides after treatment 

showed highest PAL activity. About three fold increase in PAL activity was 

observed in BTH treated-inoculated plants after six days. Untreated plants 

inoculated with C. gloeosporioides showed slight increase in enzyme 

activity after 6 d of inoculation. In control plant sets (untreated-

uninoculated) PAL activity remained unchanged. 

4.4.2. -1, 3-glucanase with abiotic inducers 

-1,3-glucanase activity, in a susceptible tea 

variety, was determined by three abiotic inducers (BTH, BABA and GABA). 

The detailed procedures of treatment of abiotic inducers and challenge-
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inoculation with Colletotrichum gloeosporioides has been discussed in 

materials and methods (Section 3.7.3). The procedure for enzyme assay has 

been discussed in materials and methods (Section-3.9). 

Table 4.14: Activity of phenylalanine ammonia-lyase in tea plants 
pretreated with three chemical inducers followed by Colletotrichum 
gloeosporioides inoculation 

Treatments 

PAL activity (µmol min 1g 1 fresh weight tissue) 

Days after inoculation 

0 d 1d 2d 3d 4d 5d 6d 

Control 
2.45 
±0.03 

2.41 
±0.06 

2.53 
±0.03 

2.52 
±0.38 

2.54 
±0.30 

2.50 
±0.29 

2.52 
±0.16 

Colletotrichum 
gloeosporioides 

2.50 
±0.11 

3.00 
±0.05 

3.81 
±0.04 

4.10 
±0.02 

5.50 
±0.57 

4.75 
±0.08 

5.25 
±0.07 

BABA 
2.45 
±0.20 

2.50 
±0.25 

2.95 
±0.33 

4.00 
±0.34 

4.26 
±0.17 

4.10 
±0.38 

4.53 
±0.32 

GABA 
2.40 
±0.30 

2.55 
±0.25 

3.00 
±0.23 

3.95 
±0.25 

4.10 
±0.38 

4.10 
±0.17 

4.66 
±0.40 

BTH 
2.45 
±0.10 

2.83 
±0.10 

3.50 
±0.30 

4.20 
±0.20 

5.60 
±0.40 

5.00 
±0.57 

7.10 
±0.20 

BABA + C. 
gloeosporioides 

2.50 
±0.18 

2.60 
±0.38 

3.20 
±0.34 

4.10 
±0.29 

4.63 
±0.44 

4.40 
±0.09 

5.00 
±0.58 

GABA + C.  
gloeosporioides 

2.55 
±0.03 

2.70 
±0.21 

3.20 
±0.20 

4.00 
±0.29 

4.50 
±0.36 

4.60 
±0.46 

4.85 
±0.41 

BTH + C. 
gloeosporioides 

2.60 
±0.10 

2.70 
±0.20 

3.40 
±0.30 

4.30 
±0.20 

5.90 
±0.30 

5.20 
±0.06 

5.50 
±0.30 

CD (5%) 0.21 0.27 0.37 0.52 0.68 0.63 0.61 

*Data are mean of three replications; Data after ± indicate standard error values. 

 

The activity of 1,3-

-

(untreated-uninoculated) no significant changes in 1,3-glucanase activity 

was observed. From the results (Table 4.15 & Fig. 4.3) it was evident that 

all the inducer treated plants showed similar type of 1, 3-glucanase 

activity. BTH treated plants showed highest activity after 4 days 
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Fig. 4.2: Activity of phenylalanine ammonia-lyase in tea inoculated with C. 
gloeosporioides and pretreated with different abiotic inducers (A) BTH; (B) 
BABA; (C) GABA. 
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Table 4.15: -1, 3-glucanase activity in young tea plants of Teenali 
variety pretreated with three chemical inducers and challenge 
inoculated with C. gloeosporioides 

Treatments 

-1,3-glucanase  activity  [mg glucose g-1 fresh weight 
tissue min-1 ]* 

Incubation period [days] 
0d 1d 2d 3d 4d 5d 6d 

Control 
12.00 
±0.58 

12.00 
±1.53 

12.26 
±1.07 

12.33 
±0.33 

13.15 
±0.93 

13.33 
±1.20 

13.0 
±0.56 

Colletotrichum 
gloeosporioides 

14.20 
±0.46 

19.33 
±1.10 

22.66 
±0.88 

26.86 
±0.32 

30.65 
±0.36 

23.48 
±0.77 

31.68 
±0.45 

BABA 
14.00 
±0.81 

18.33 
±0.88 

21.45 
±0.99 

23.66 
±1.20 

24.5 
±0.77 

23.25 
±0.72 

25.00 
±1.73 

BTH 
14.33 
±0.66 

18.66 
±0.88 

23.5 
±0.76 

25.54 
±1.15  

27.86 
±1.29 

25.00 
±1.15 

26.5 
±1.75 

GABA 
14.33 
±1.20 

18.33 
±0.88 

21.50 
±0.29 

22.00 
±0.58 

23.00 
±1.73 

21.00 
±1.0 

22.00 
±1.52 

BABA + C. 
gloeosporioides 

16.31 
±0.63 

22.76 
±1.29 

25.63 
±1.91 

26.65 
±1.79 

28.90 
±1.45 

29.00 
±1.53 

30.55 
±0.75 

GABA + C. 
gloeosporioides 

15.0 
±1.73 

18.25 
±0.90 

20.56 
±1.65 

21.65 
±2.25 

25.66 
±1.76 

20.46 
±1.35 

28.5 
±1.44 

BTH + C. 
gloeosporioides 

15.25 
±1.28 

21.53 
±1.28 

24.30 
±0.66 

26.45 
±1.17 

28.5 
±1.04 

26.5 
±0.76 

31.00 
±1.52 

CD (5%) 1.69 2.04 1.95 2.36 1.96 1.99 1.42 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

of treatment and then activity declined but in case of BABA treated plants 

highest activity (25.00 mg glucose g-1 fresh weight tissue min-1) was found 

after 6 days of treatment in comparison to control plants (untreated-

uninoculated). Plants inoculated with pathogen showed further increased 

activity of 1, 3-glucanase about 30.65±0.36 and 31.68±0.45 after 4 days 

and 6 days of inoculation respectively in comparison to control plants.  

Similar type of induction of -1, 3-glucanase was also found in treated-

inoculated plant sets.  
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Fig. 4.3: Activity of ß-1,3-glucanase in tea inoculated with C. 
gloeosporioides and pretreated with different abiotic inducers (A) BTH; (B) 
BABA; (C) GABA. 
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4.4.3. Activity of Peroxidase with abiotic inducers 

Peroxidase activity levels in susceptible tea plants, by treatment of 

different abiotic inducers, such as BTH, BABA and GABA individually or 

inoculated with Colletotrichum gloeosporioides were determined. To compare 

the induction level of peroxidase activity, one set of plants were inoculated 

with pathogen followed by the inducer treatment, whereas another two 

plant sets, such as control (untreated-uninoculated) and untreated-

inoculated were also prepared. The detailed procedure of application of 

different inducers has been discussed in materials and methods (Section-

3.7.3) and the detailed procedures of enzyme extraction and assay have 

been discussed in materials and methods (Section-3.9).  

Peroxidase induction was measured up to six day in inoculated, 

treated and treated inoculated plants. Treatment was done with three 

chemical inducers and half of the pretreated plants were challenge 

inoculated by one of two test pathogens of tea plants and the results were 

noted in table 4.16 & Fig. 4.4. Among the inducers, GABA and BTH showed 

maximum peroxidase induction where enzyme activity increased from 71 in 

0 days to 210 after 6th days of GABA treatment whereas BTH treated 

plants showed the increasing activity from 72.00 in 0 days to 200 in 6th 

days after treatments. Similar type of induction was also found in 

challenge-inoculated plants pretreated with BTH and GABA treatments. 

BTH pretreated-inoculated plants showed maximum peroxidase activity 

about 270 and GABA pretreated-inoculated plants showed maximum 

activity about 280 after 6th days. Control sets did not show any significant 

increase in peroxidase levels. 
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Table 4.16: Peroxidase activity in young tea plants of Teenali 
pretreated with three chemical inducers and challenge inoculated 
with C. gloeosporioides 

Treatments 

Peroxidase activity ( A 420 min 1 g 1 fresh weight tissue)* 

1 unit = 0.001 Absorbance 

Incubation period [days] 

0 d 1d 2d 3d 4d 5d 6d 

Control 70.00 
±1.15 

71.00 
±0.58 

71.00 
±1.00 

71.00 
±0.58 

73.00 
±0.58 

73.00 
±1.53 

74.00 
±0.58 

Colletotrichum 
gloeosporioides 

72.00 
±0.58 

78.00 
±1.15 

82.00 
±1.15 

88.00 
±1.15 

91.00 
±0.58 

101.0 
±1.53 

112.0 
±1.15 

BABA 
72.00 
±0.58 

82.00 
±1.15 

89.00 
±1.73 

95.00 
±0.58 

114.0 
±1.53 

125.0 
±1.00 

140.0 
±1.15 

GABA 
71.00 
±0.58 

85.00 
±1.73 

100.0 
±1.15 

120.0 
±1.15 

150.0 
±1.53 

152.0 

±1.53 
210.0 
±2.89 

BTH 
72.00 
±0.58 

82.00 
±1.15 

90.00 
±0.58 

110.0 
±1.73 

145.0 
±1.73 

130.0 
±1.15 

200.0 
±1.53 

BABA + C. 
gloeosporioides 

71.10 
±0.56 

88.33 
±0.88 

103.0 
±0.58 

125.0 
±1.00 

140.0 
±1.15 

141.33 
±0.88 

180.0 
±1.73 

GABA + C. 
gloeosporioides 

73.00 

±0.58 
95.00 
±1.53 

115.0 

±1.73 

135.0 

±1.73 

210.0 

±1.53 

205.0 

±2.89 

280.0 

±1.15 

BTH + C. 
gloeosporioides 

72.17 
±1.17 

90.67 
±0.88 

105.0 
±1.00 

132.0 
±1.53 

200.0 
±1.73 

205.0 
±2.89 

270.0 
±1.15 

CD (5%) 1.25 2.11 2.26 2.14 2.30 2.78 2.64 

*Data are mean of three replications; Data after ± indicate standard error values. 
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Fig. 4.4: Activity of peroxidase in tea inoculated with C. gloeosporioides and 
pretreated with different abiotic inducers (A) BTH; (B) BABA; (C) GABA. 
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4.5. Isolation and molecular characterisation of three defense related 

genes in tea  

4.5.1. Detection and analysis of defense related gene in tea  

Three different defense related genes such as Phenylalanine 

ammonia-lyase (PAL), Chalcone synthase (CHS) and Ascorbate peroxidase 

(APX) were amplified from tea leaves through RT-PCR under optimal RT-

PCR conditions with the help of gene specific primers (Table. 3.4), where 

total RNA was used as a template. Expected amplicons of different genes 

such as APX, CHS and PAL respectively were isolated (Fig. 4.5). The 

amplicons were cloned and sequenced.  

4.5.1.1. Analysis of Phenylalanine ammonia-lyase (PAL) gene isolated 

from tea 

After sequencing of the PAL gene amplicon, a 333 nt long sequence 

was obtained. The PAL gene sequence was analysed through BLASTn 

programme. The BLASTn analysis showed high nucleotide (nt) identity with 

Camellia chekiangoleosa (99%) and Camellia sinensis (91%) and the nt 

sequences were submitted to GenBank (Acc. no. KF303590). The PAL 

sequence was aligned with other PAL gene sequences of C. sinensis and 

other species of Camellia submitted in the GenBank. Nt sequence identity 

matrix of the isolated PAL genes, isolated from different Camellia spp., were 

created in SDT v1.2 and presented in Fig. 4.6. From the sequence identity 

matrix it was observed that the PAL gene of C. sinensis showed above 90% 

nt identity within the species, whereas, below 60% nt identity was observed 

between C. sinensis and other species of Camellia. Phylogenetic tree was 

also created to study the evolutionary relationship among the above 

mentioned sequences (Fig. 4.7). In the phylogeny, C. sinensis, C. talensis 

and C. flavida formed three different clusters where our sequence clustered 

together with C. sinensis. Among the clusters C. talensis and C. flavida 

were more closely related than C. sinensis. 
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Fig. 4.5: A) Extracted total RNA on 1% agarose gel. B-D) Amplified RT-PCR 
product of PAL gene (B); CHS gene (C) and APX gene (D) on 1% agarose gel 
[L1: 100 bp DNA ladder, L2-L5: amplified gene product]. 
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Fig. 4.6: Sequence identity matrix of isolated PAL gens with other PAL gene 
sequences of Camellia sp.  Identity percentage corresponding to the colour 
matrix is indicated in the right-hand side of the figure. 
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Fig. 4.7: Phylogenetic relationship of present isolated PAL gene with the 
other PAL gene sequences of Camellia sp. published in the GenBank using 
the neighbor joining method. Numbers at the nodes indicate the bootstrap 
percentage scores out of 1000 replicates. 
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4.5.1.2. Analysis of Chalcone synthase (CHS) gene isolated from tea 

CHS gene amplicon was subjected to sequencing. At first, sequence 

of 345bp CHS gene (Acc. no. KJ866952) was analysed using BLASTn 

programme of NCBI database. The sequence analysis showed 99% nt 

sequence similarity with CHS gene of C. sinensis submitted in the 

GenBank. The sequence of isolated CHS gene was aligned with other CHS 

gene sequences of C. sinensis and other species of Camellia submitted in 

the GenBank. Percentage of nt sequence similarity of the isolated CHS 

genes with the other CHS genes of different Camellia species has been 

presented in Fig. 4.8. Sequenced similarity matrix showed that the CHS 

gene of C. sinensis showed above 95% nt identity within the species, 

whereas 75% to 95% nt identity was observed between C. sinensis and 

other species of Camellia. Evolutionary relationship of CHS gene of 

different Camellia species was studied using neighbor-joining method with 

Kimura-2 parameter model. The sequence identity matrix of CHS genes of 

different Camellia species formed five different groups which is evident 

from the phylogenetic tree (Fig. 4.9). 

4.5.1.3. Analysis of Ascorbate peroxidase (APX) gene isolated from tea 

Sequencing of the isolated APX gene gave a 663 nt long sequence 

(Acc. No. KR296654), which showed 98% nt identity with APX gene of C. 

sinensis after BLASTn analysis. The sequence identity matrix of the APX 

gene (Fig. 4.10A) of different Camellia species showed no significant group 

as observed in the previously mentioned gene sequences (viz., PAL and 

CHS). The phylogenetic tree also revealed similar type of result indicating 

that the APX gene did not evolutionarily segregated from species to species 

(Fig. 4.10B). Rather, their diversity within the C. sinensis species was more 

prominent. However, only nine sequences of APX gene of Camellia spp. 

have been found so far. Nevertheless, more sequences from different 

species of Camellia might give better insight towards understanding of their 

evolutionary trend. 
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Fig. 4.8: Sequence identity matrix of isolated CHS gens with other PAL gene 
sequences of Camellia sp.  Identity percentage corresponding to the colour 
matrix is indicated in the right-hand side of the figure. 
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Fig. 4.9: Phylogenetic relationship of present isolated CHS gene with the 
other CHS gene sequences of Camellia sp. publish in the GenBank using 
the neighbor joining method. Numbers at the nodes indicate the bootstrap 
percentage scores out of 1000 replicates. 
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Fig. 4.10: A) Sequence identity matrix; B) Phylogenetic tree of present 
isolated APX gens with other APX gene sequences of Camellia sp.  Identity 
percentage corresponding to the colour matrix is indicated in the right-
hand side of the figure. 
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4.5.2. Codon bias of defense related genes 

4.5.2.1. Codon usage pattern  

The neucletide composition at 3rd position (A3, T3, C3 and G3), 

average GC content, GC content at 1st, 2nd and 3rd position of different 

synonymous codon, Nc, Fop, Gravy, Aroma of the three defense genes have 

been shown in Table 4.18. 

From the results (Table 4.17) it has been found that among the three 

genes, highest average GC percent (0.529) was found in CHS gene whereas 

PAL and APX gene contained average GC percentage (0.489 and 0.487 

respectively). The highest GC content at first synonymous codon position 

was observed in CHS gene (0.640) followed by PAL gene (0.571) and APX 

gene (0.464). Similar type of observation was also found in case of average 

GC3 contents. The average GC3 contents in CHS, PAL and APX genes were 

0.532, 0.447 and 0.482 respectively. However, no significant variation in 

GC2 content has been found among the three genes. The GC2 content in 

APX, PAL and CHS are 0.479, 0.432 and 0.402 respectively. 

The overall pyrimidine content at 3rd codon position (T3 and C3) was 

higher than the overall purine content at 3rd codon position (A3 and G3) in 

all the three genes (Table 4.17). However, the highest T3 and C3 contents 

(0.36 and 0.38) have been found in CHS followed by PAL and APX. PAL 

showed highest A3 content (0.34) whereas APX showed highest G3 content 

(0.286). So, the nucleotide composition at third position showed that T3, 

C3 and A3 contents were higher than the G3 contents in PAL and APX. In 

case of CHS, T3 and C3 contents higher than the A3 and G3 contents. In 

case of Nc value, it was found that CHS showed maximum Nc value 

(56.014) followed by Nc values of APX (52.980) and PAL (51.393).  

To consider the pattern of codon usage variation among the three 

genes, an Nc plot were prepared. The variation of GC3 content determined 

the codon usage pattern of a gene and the Nc plot showed probable 

position of that gene. The Nc plots of three defense related genes (APX, CHS 

and PAL) have been presented in Fig. 4.11A. The results showed that the 

positions of most of the genes are below the standard curve which 
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indicated that mutational bias along with translational selection may 

influence the codon usage bias of these three genes. 

Table 4.17: Nucleotide and amino acid composition of the three 
defense related genes 

 
     APX      CHS        PAL 

T3s 0.317±0.031 0.360±0.002 0.325±0.003 

C3s 0.306±0.016 0.380±0.002 0.375±0.002 

A3s 0.311±0.019 0.196±0.002 0.340±0.001 

G3s 0.286±0.027 0.270±0.001 0.175±0.002 

CBI 0.020±0.009 -0.059±0.002 -0.004±0.004 

Fop 0.423±0.009 0.363±0.001 0.409±0.002 

Nc 52.980±1.275 56.041±0.159 51.393±0.274 

GC1s 0.464±0.033 0.640±0.002 0.571±0.003 

GC2s 0.479±0.024 0.402±0.001 0.432±0.005 

GC3s 0.482±0.021 0.532±0.002 0.447±0.003 

GC 0.487±0.009 0.529±0.001 0.489±0.001 

L_sym 321.444±29.363 188.839±0.811 207.536±1.186 

L_aa 336.889±31.079 194.118±0.860 212.836±1.166 

Gravy -0.241±0.081 0.126±0.005 -0.143±0.024 

Aromo 0.090±0.008 0.056±0.000 0.069±0.002 
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4.5.2.2. Analysis of neutral evolution 

Neutrality plot analysis was carried out to understand the major 

factor (mutational bias or natural selection) responsible for shaping codon 

usage bias; where the GC content in different codon position played a 

major role in evaluating the selection process. Slope of regression closer to 

1 indicated strong effect of mutational pressure on synonymous codon 

usage bias. From the Fig. 4.11B it is evident that the slope of regression 

line of APX, CHS and PAL were 0.069, 0.194 and 0.478 indicating that 

contribution of mutational pressure on APX, CHS and PAL synonymous 

codon usage were 6.9%, 19.4% and 47.8%. This data indicated the strong 

involvement of natural selection on these three genes where natural 

selection pressure was calculated much higher in APX (93.1%) and CHS 

(80.6%) gene than PAL (52.2%) gene. Significant correlation (R2 close to 1) 

between GC12 and GC3 implied effect of similar mutational pressure on 

each codon position i.e., GC1, GC2 and GC3. CHS and APX genes showed 

lower correlation (R2=0.342 and 0.013 respectively) between GC12 and 

GC3. Whereas, strong correlation was found in PAL gene (R2=0.71). This 

indicated equal forces of mutational pressure on each codon position 

worked on PAL gene, but in case of CHS and APX different forces of 

mutational pressure acted on three different codon positions. 
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Fig. 4.11: (A) Relationship between effective number of codons (Nc) and GC3 
contents; (B) Neutrality plot analysis of GC1/GC2 contents and GC3 contents; (C) 
Contribution of two major axis (Axis1 and Axis2); (D) Correspondence analysis of 
codon usage pattern. 
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4.5.2.3. Correlation of nucleotide and amino acid composition 

To determine the effect of different factors in codon usage bias of a 

gene, the COA was performed on the basis of relative synonymous codon 

usage (RSCU) values. Through COA analysis different sets of indices 

[nucleotide composition at the third position of the synonymous codons 

(i.e., A3, T3, G3, C3, GC1, GC2 and GC3); overall frequency of GC content 

(%GC); length of synonymous codon (L_sym); length of amino acids (L_aa); 

average of hydropathy (GRAVY); frequency of aromatic amino acids 

(Aromo); codon bias index (CBI) and frequency of optimal codon (Fop)] were 

compared with the effective number of codons (Nc). 

From the correlation analysis of APX gene (Table 4.18 & Fig. 4.12) it 

was found that, the Nc was positively correlated with A3 (r=0.785, p<0.01), 

L_aa (r=0.782, p<0.01), Axis1 (r=0.695, p<0.05) and negatively correlated 

with GC1 (r=-0.835, p<0.01). In case of CHS gene (Table 4.19 & Fig. 4.13), 

Nc was positively correlated with A3 (r=0.443, p<0.01), GC2 (r=0.276, 

p<0.01), Gravy (r=0.306, p<0.01) and negatively correlated with L_sym (r=-

0.347, p<0.01), L_aa (r=-0.336, p<0.01), Axis4 (r=-0.313, p<0.01). But in 

case of PAL gene (Table 4.20 & Fig. 4.14, 4.15), all the factors were either 

positively or negatively correlated with Nc. Here, C3 (r=0.675, p<0.01), G3 

(r=0.866, p<0.01), CBI (r=0.529, p<0.01), Fop (r=0.437, p<0.01), GC1 

(r=0.600, p<0.01), GC3 (r=0.861, p<0.01), L_sym (r=0.286, p<0.01), L_aa 

(r=0.235, p<0.05) and Gravy (r=0.780, p<0.01) were positively correlated. 

Whereas, T3 (r=-0.862, p<0.01), A3 (r=-0.557, p<0.01), GC2 (r=-0.855, 

p<0.01), GC (r=+0.645, p<0.01), Aromo (r=-0.804, p<0.01) and Axis1 (r=-

0.749, p<0.01) were negatively correlated. However, A3 and L_aa were 

either positively or negatively correlated with Nc in all the three genes. This 

indicated that these two factors affected the overall codon usage in tea 

irrespective of different genes, whereas other factors played specific roles in 

shaping codon bias in three different genes. 
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Fig. 4.12: Correlation between effective number of codons (Nc) of APX gene 
with A) adenine at 3rd codon position (A3), B) length of amino acid (L_aa), 
C) Axis1 and D) GC content at 1st codon position (GC1). 
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Fig. 4.13: Correlation between effective number of codons (Nc) of CHS gene 
with A) adenine at 3rd codon position (A3), B) GC content at 2nd codon 
position (GC2), C) hydropathicity (Gravy), D) length of synonymous codons 
(L_sym), E) length of amino acid (L_aa), and F) Axis4.  
 

 

 



 
 T

ab
le

 4
.2

0
: 

C
or

re
la

ti
on

 c
oe

ff
ic

ie
n

ts
 o

f 
n

u
cl

eo
ti

d
e 

co
n

st
ra

in
ts

 a
lo

n
g 

fo
u

r 
a
xe

s 
w

it
h

 i
n

d
ic

es
 o

f 
P
A

L
 g

en
es

 t
h

a
t 

in
fl
u

en
ce

 

co
d
on

 u
sa

ge
 b

ia
s 

  

110 



111 
 

 

Fig. 4.14: Correlation between effective number of codons (Nc) of PAL gene 
with A-B) cytosine and guanine at 3rd codon position (C3 and G3), C) codon 
bias index (CBI), D) frequency of optimal codon (Fop), E-F) GC content at 1st 
and 3rd  codon position (GC1 and GC3), G) length of synonymous codons 
(L_sym) and H) hydropathicity (Gravy). 
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Fig. 4.15: Correlation between effective number of codons (Nc) of PAL gene 
with A-B) thymine and adenine at 3rd codon position (T3 and A3), C) GC 
content at 2nd codon position (GC2), D) percentage of GC (%GC), E) 
aromaticity (Aromo) and F) Axis1. 
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Another factor that played important role in codon usage bias was 

the contribution of axes. The results showed that (Fig. 4.11C) in APX and 

CHS gene, the first axis contributed for 41.26% and 58.61% respectively 

and the contribution of second axis for these two genes were 24.95% and 

13.06% respectively, whereas, in case of PAL gene major contribution was 

observed by the first axis which contributed for 85.52%. Here the second 

axis accounted for only 5.69%. From the Fig. 4.11D it was evident that 

CHS and PAL genes were moderately clustered along Axis1, whereas, APX 

genes are scattered along both the axes i.e., Axis1 and Axis2. However, the 

clustering of PAL genes were more prominent than CHS, which was also 

reflected in the phylogenetic analysis where PAL genes formed three 

prominent clusters and CHS genes were diversified in several small 

clusters but no significant clusters were found in APX genes. This 

indicated that PAL genes showed less codon usage variation among 

themselves than that of CHS. 

4.5.2.4.  Codon usage bias in three different genes  

On the basis of RSCU values the codon usage bias of 59 sense codons 

(except Met, Trp and three termination codon) of the three defense related 

genes (PAL, CHS and APX) were calculated (Table 4.21). From the table it 

was evident that APX genes did not showe any optimal codon, whereas, 

CHS and PAL genes showed 12 (UGU, UUC, UAC, UCG, CAU, CCC, CUA, 

CAA, CCG, AUA, AGA, GCU) and 17 (UCC, UUA, CCU, CUC, CAA, CCG, 

CGG, AAU, AGU, AUC, AGC, AUA, AAA, GUU, GAU, GCA, GGA) optimal 

codons respectively. Out of these optimal codons both CHS and PAL genes 

showed more A/U ending codons than G/C ending codons. Optimal codons 

of CHS genes showed 7 A/U ending and 5 G/C ending codons respectively, 

whereas, PAL genes showed and 11 A/U ending and 6 G/C ending optimal 

codons respectively. From the RSCU of the 59 sense codons APX contained 

24 frequently used codons (RSCU>1) out of which 9 were more frequently 

used (RSCU>1.5). But, CHS and PAL contained 31 and 32 frequently used 

codons (RSCU>1) out of which 10 and 11 were more frequently used 

(RSCU>1.5) respectively. This indicated PAL contained more numbers of 

codons with strong bias followed by CHS and APX (Table 4.21). 
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Table 4.21: Relative synonymous codon usage of APX, CHS and PAL genes  

Amino 
acid 

Codon 
APX CHS PAL 

Frequency RSCU Frequency RSCU Frequency RSCU 
Phe UUU 7.20 1.14 3.60 1.02 7.70 1.13 

UUC 5.40 0.86 3.50 0.98 5.90 0.87 
Leu UUA 4.10 0.86 0.80 0.16 2.00 1.05 

UUG 4.10 0.86 6.00 1.25 1.00 0.54 
CUU 6.00 1.26 7.80 1.62 0.30 0.14 
CUC 7.70 1.60 8.50 1.77 5.70 3.04 
CUA 3.10 0.65 5.40 1.12 1.50 0.79 
CUG 3.70 0.77 0.40 0.07 0.80 0.44 

Ile AUU 6.00 1.34 4.80 1.33 5.40 1.52 
AUC 4.10 0.92 3.50 0.96 5.10 1.43 
AUA 3.30 0.74 2.60 0.71 0.20 0.05 

Met AUG 4.10 1.00 3.20 1.00 1.00 1.00 
Val GUU 5.70 1.91 4.20 1.20 3.90 1.91 

GUC 1.30 0.45 4.00 1.12 3.40 1.67 
GUA 2.30 0.79 0.40 0.12 0.80 0.41 
GUG 2.60 0.86 5.50 1.56 0.00 0.01 

Ser UCU 11.60 2.02 1.50 0.87 4.50 1.64 
UCC 9.00 1.57 1.90 1.07 3.00 1.11 
UCA 4.10 0.72 2.10 1.20 0.20 0.09 
UCG 2.40 0.43 0.80 0.47 0.80 0.30 
AGU 2.80 0.49 2.40 1.35 3.90 1.43 
AGC 4.40 0.78 1.80 1.04 3.90 1.42 

Pro CCU 5.90 1.39 4.20 1.46 2.30 0.68 
CCC 3.30 0.78 4.10 1.43 3.10 0.92 
CCA 4.90 1.15 2.00 0.69 6.00 1.80 
CCG 2.90 0.68 1.20 0.42 2.00 0.60 

Thr ACU 6.90 1.89 1.90 0.94 4.70 1.22 
ACC 2.40 0.67 3.60 1.81 5.20 1.35 
ACA 4.10 1.13 1.50 0.73 5.60 1.43 
ACG 1.10 0.31 1.10 0.53 0.00 0.00 

Ala GCU 6.20 1.61 5.30 1.15 2.20 0.91 
GCC 3.60 0.92 8.80 1.91 4.30 1.77 
GCA 4.10 1.06 3.00 0.66 3.20 1.31 
GCG 1.60 0.40 1.30 0.29 0.00 0.01 

Tyr UAU 3.80 1.01 0.10 0.12 3.10 1.21 
UAC 3.70 0.99 1.80 1.88 2.00 0.79 

TER UAA 6.00 0.72 0.00 0.00 1.00 0.26 
UAG 2.00 0.24 0.00 0.00 1.20 0.30 
UGA 16.90 2.04 0.00 0.00 9.70 2.44 

His CAU 5.40 1.15 3.60 1.44 3.10 0.90 
CAC 4.00 0.85 1.40 0.56 3.80 1.10 

Gln CAA 13.30 1.45 5.60 1.61 8.70 1.79 
CAG 5.00 0.55 1.40 0.39 1.00 0.21 

Asn AAU 4.40 1.36 1.90 0.68 3.30 1.00 
AAC 2.10 0.64 3.70 1.32 3.30 1.00 

Lys AAA 9.60 1.38 2.20 0.42 6.90 1.62 
AAG 4.30 0.62 8.50 1.58 1.60 0.38 

Asp GAU 3.90 0.88 5.90 1.01 3.80 1.02 
GAC 5.00 1.13 5.80 0.99 3.60 0.98 

Glu GAA 9.80 1.43 3.40 0.68 4.00 1.86 
GAG 3.90 0.57 6.70 1.32 0.30 0.14 

Cys UGU 9.90 0.82 0.80 0.81 4.10 0.92 
UGC 14.10 1.18 1.20 1.19 4.90 1.08 

Trp UGG 11.90 1.00 2.00 1.00 4.10 1.00 
Arg CGU 1.70 0.34 2.80 2.13 1.50 0.39 

CGC 3.70 0.74 1.90 1.40 5.70 1.44 
CGA 4.30 0.88 0.10 0.10 3.00 0.75 
CGG 3.10 0.63 1.90 1.43 4.10 1.03 
AGA 8.90 1.80 0.80 0.57 4.50 1.13 
AGG 7.90 1.60 0.50 0.37 5.00 1.26 

Gly GGU 2.20 0.34 7.00 1.63 2.10 0.57 
GGC 4.70 0.72 5.80 1.34 6.00 1.67 
GGA 12.70 1.97 0.50 0.12 4.40 1.23 
GGG 6.20 0.97 4.00 0.92 1.90 0.52 

Frequency and RSCU values of the optimal codons are marked as bold 
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4.6. Relative gene expression studies of PAL gene by quantitative real-

time PCR (qRT-PCR) 

Relative expression of PAL gene was analyzed using quantitative real-

time PCR (qRT-PCR) to compare the effect of BTH in inducing resistance in 

tea against two different foliar fungal pathogens such as Colletotrichum 

gloeospoiroides and Curvularia eragrostidis. The relative expression of PAL 

gene was quantified in unit fold change  (i.e., how many fold increased or 

decreased) of transcript treated-

inoculated  plants in comparison to control (Table 4.22). For expression 

analysis PAL gene specific primers were used where actin used as 

endogenous control (Fig. 4.16). The transcript accumulation (fold change) 

in tea leaves were noted and analyzed in three different cases such as 

plants inoculated with pathogens (C. gloeospoiroides and C. eragrostidis), 

plants treated with BTH and plants treated with BTH followed by challenge 

inoculation with pathogens (C. gloeospoiroides and C. eragrostidis). Results 

of transcript accumulation were observed after one day intervals up to 7 

days. 

From the results (Table 4.22 & Fig. 4.17) it was evident that in BTH treated 

plants the PAL gene expression was elevated (from approximately 1 fold to 

4 folds) from 4 days up to 7 days post treatment. But, in case of C. 

gloeospoiroides inoculated plants the expression was down-regulated up to 

7 days post inoculation except 4th and 6th days, where the plants showed 

increased transcript accumulation of about 1 fold and 2 folds respectively. 

However, in case of BTH-treated and C. gloeospoiroides inoculated plants 

initial increase in PAL gene expresasion was observed on the day of 

treatment and inoculation which was down-regulated upto 3rd day. On the 

4th day approximately 1 fold transcript accumulation was observed in the 

treated-inoculated one which was again decreased on the next day. 

Nevertheless, from 6th day onward the PAL gene expression was elevated 

from about 2 to 6 folds. 
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Fig. 4.16: Agarose gel electrophoresis of amplified RT-PCR product of A) PAL 
gene and B) plant actin gene [M: molecular marker, C0-C7: control after every 
one day intervals from 0 day to 7 days, I0-I7: pathogen inoculated after every 
one day intervals from 0 day to 7 days, T0-T7: BTH treated after every one day 
intervals from 0 day to 7 days, TI0-TI7: treated-inoculated after every one day 
intervals from 0 day to 7 days]. 
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Table 4.22: PAL transcript accumulation (fold change) in BTH pre-
treated tea plants following challenge inoculation with C. 
gloeospoiroides and C. eragrostidis 

Days T Cg T+Cg Ce T+Ce 

0d 0.454398 0.937309 1.019716 0.336438 0.671845 

1d 0.448165 0.993375 0.75867 11.93824 2.721812 

2d 0.519373 0.833203 0.044279 0.041366 0.004905 

3d 0.403849 0.700007 0.401645 1.693297 0.365938 

4d 1.258599 1.324091 1.814871 0.583592 0.344213 

5d 1.008413 0.69493 0.523037 0.004053 4.56797 

6d 3.448775 2.189918 2.685562 0.091216 0.039395 

7d 4.408507 0.384771 6.685562 0.134234 14.85545 

T= BTH treated; Cg= Colletotrichum gloeospoiroides inoculated; T+Cg= BTH 
treated and Colletotrichum gloeospoiroides inoculated; Ce= Curvularia 
eragrostidis inoculated; T+Ce= BTH treated and Curvularia eragrostidis 
inoculated 

 

Fig. 4.17: Expression analysis of PAL transcripts levels in tea plants by 
Real-time PCR after BTH treated, inoculated (with C. gloeosporioides and C. 
eragrostidis) and BTH treated-inoculated. 
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C. eragrostidis inoculated plants showed slightly different PAL gene 

expression pattern than C. gloeospoiroides inoculated one. When the plants 

were inoculated with C. eragrostidis only, transcript level of PAL gene was 

increased on the 1st and 3rd days post inoculation. However, on the other 

days it remained down-regulated. Whereas, in case of BTH-treated and C. 

eragrostidis inoculated plants elevated PAL gene expression was observed 

as follows: 2 fold increase was observed on the 1st day, followed by 4 fold 

increase on the 5th day and finally 14 fold increase was observed on the 7th 

day. 

4.7. Control of Colletotrichum gloeosporioides by botanicals, and 

biocontrol agents.  

4.7.1. Control of Colletotrichum gloeosporioides by botanicals 

Ten plants were collected from different parts of North Bengal 

University campus and adjoining areas of Siliguri in the district of 

Darjeeling to evaluate antifungal activity of the plant extracts against 

Colletotrichum gloeosporioides. This was done with an objective to control 

brown blight disease caused by C. gloeosporioides by botanicals available 

around the tea gardens of north Bengal, the present study area. Aqueous 

and 50% ethanolic extracts were prepared and tested for their antifungal 

properties in vitro, against C. gloeosporioides. From the results (Table 4.23; 

Fig. 4.18 & 4.19) it was found that 50% ethanolic extract of Datura metel 

and Clerodendrum viscosum could inhibit 72.12% and 71.52% radial 

mycelial growth respectively in comparison to control. Least growth 

inhibition was observed in aqueous and 50% ethanolic leaf extracts of 

Lantana camara. Both aqueous and 50% ethanolic leaf extracts of Leucas 

indica, Richinus communis and Lagestroemia speciosa showed moderate 

mycelia-growth inhibition in petriplates. Aqueous extracts of Clerodendrum 

viscosum and Datura metel and ethanolic extracts of Casuarina 

equisetifolia, and Polyalthia longifolia also showed moderate (about 50% to 

70%) inhibition of mycelia growth against C. gloeosporioides. 
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Table 4.23: Aantifungal efficacy of plant extracts on the radial growth 

of Colletrotrichum gloeosporioides (following poisoned food 

technique) 

Plant extracts 

Leaf extracted in 
aqueous 

Leaf extracted in 
50% ethanol 

Radial  
Growth of  

fungus 
(mm) 

Growth 
Inhibition 

(%) 

Radial  
Growth of  

fungus 
(mm) 

Growth 
Inhibitio

n (%) 

Leucas indica 22.67 

±0.88 

58.79 

±0.94 

18.33 

±0.33 

66.67 

±1.24 

Ricinus communis 27.00 
±0.58 

50.91 
±1.91 

25.33 
±0.33 

53.94 
±0.75 

Lagerstroemia speciosa 26.33 
±0.33 

52.12 
±0.77 

24.33 
±0.67 

55.76 
±0.42 

Azadirachta indica 33.00 
±0.58 

40.00 
±0.55 

32.67 
±0.33 

40.61 
±0.48 

Clerodendrum viscosum 22.00 
±0.58 

60.00 
±0.55 

15.67 
±0.33 

71.52 
±0.98 

Casuarina equisetifolia 24.33 
±0.67 

55.76 
±0.42 

22.00 
±0.58 

60.00 
±0.55 

Polyalthia longifolia 27.00 
±0.58 

50.91 
±1.91 

26.33 
±0.33 

52.12 
±1.50 

Datura metel 19.00 
±0.58 

65.45 
±1.21 

15.33 
±0.33 

72.12 
±0.56 

Boerhavia diffusa 28.00 
±0.58 

49.09 
±0.52 

26.00 
±0.58 

52.73 
±1.35 

Control 55.00 
±1.00 - 

55.00 
±1.00 - 

CD (5%) 0.93 1.61 0.77 1.10 

Data after ± Data after ± represent standard error values 
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Fig. 4.18: Radial growth inhibition of C. gloeosporioides by aqueous 
solution of A) Datura metel, C) Azadirachta indica, E) Leucas indica, G) 
Boerhavia diffusa, I) Lagerstroemia speciosa; 50% ethanolic solution of B) 
Datura metel, D) Azadirachta indica, F) Leucas indica, H) Boerhavia diffusa, 
J) Lagerstroemia speciosa and K) Radial growth of C. gloeosporioides (grown 
in PDA not amended with leaf extract). 
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  Fig. 4.19: Radial growth inhibition of C. gloeosporioides by aqueous solution 
of B) Clerodendrum viscosum, C) Ricinus communis, E) Polyalthia longifolia, G) 
Casuarina equisetifolia; 50% ethanolic solution of F) Clerodendrum viscosum, 
D) Ricinus communis, H) Polyalthia longifolia, I) Casuarina equisetifolia, and 
A) Radial growth of C. gloeosporioides (grown in PDA not amended with leaf 
extract). 
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4.7.2. Control of Colletotrichum gloeosporioides by biocontrol agents 

Four known biocontrol agents such as Bacillus subtilis, B. pumilus, 

B. megaterium and Trichoderma harzianum were tested to control 

Colletotrichum gloeosporioides one of the most virulent pathogen of tea 

plants. The antagonistic efficacy of the four antagonists against the fungus 

has been presented in the table 4.24 and in Fig. 4.20. From the results 

(Table 4.25) it was found that Bacillus pumilus showed maximum inhibitory 

effect against the fungus C. gloeosporioides followed by Bacillus megaterium 

and Bacillus subtilis respectively. B. pumilus, B. megaterium and Bacillus 

subtilis showed 78.17%, 63.61% and 61.79% inhibition of radial growth 

respectively in comparison to control. Trichoderma harzianum although 

showed least growth inhibition (i.e. about 59.97% inhibition of growth) in 

dualculture but within 4 days it showed over and fully covered the 

petriplate.  

Table: 4.24: Control of Colletotrichum gloeosporioides by known 

biocontrol agents (in-vitro) after 4 days of growth. 

Biocontrol agents Radial  Growth Of  fungus 
(mm) 

Growth Inhibition 
(%) 

Bacillus pumilas 12.00±0.58 78.17±1.11 

Bacillus megaterram 20.00±0.58 63.61±1.23 

Bacillus subtilis 21.00±0.58 61.79±1.25 

Trichoderma harzianum 22.00±0.58 59.97±1.27 

Control 55.00±1.00 - 

CD (5%) 2.00 2.99 
Data after ± represent standard error values 
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Fig. 4.20: A) Radial growth of C. gloeosporioides in PDA (control); growth of 
C. gloeosporioides co-cultured with B)Trichoderma harzianum; C) Bacillus 
pumilus; D) Bacillus megaterium; E) Bacillus subtilis . 
 

 


