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Xanthomonas axonopodis pv. punicae (Xap) is a bacterial pathogen wreaking havoc in pomegranate cultivation. It causes 
bacterial blight disease dwindling yield and making fruit unfit for consumption. Physiological and histological investigations 
during host-pathogen interaction are prerequisite to assess the onset of defense mechanism in plants. Therefore, we tried to 
compare the pomegranate resistant (IC 318734) and highly susceptible (Ruby) genotypes challenged with Xap. The bacterial 
suspension containing Xap cells of 0.3 OD600 (~106 to 107CFU mL−1) was used for challenge inoculation. Uniformly grown 
resistant and highly susceptible plants were selected, the surface of leaves was pricked and spray-inoculated with bacterial 
suspension using native strain IIHR1 (NCBI Gen Bank ID: KT 222897). Simultaneously, the control plants were also 
sprayed with only distilled water and observed. A total of three replications with five plants per replication were maintained 
and evaluated under completely randomized design. Physiological investigations were recorded using Portable 
photosynthesis system (LCpro+, ADC BioScientific limited, UK) for one cycle of disease progression viz., 0, 1, 5, 10, 15 
and 20 days after bacterial spray inoculation (DAI). Significant changes in gas exchange parameters were witnessed on 
pathogen inoculation. Higher reduction in mean percent change of photosynthetic and transpiration rate, instantaneous water 
use efficiency, internal CO2 content, stomatal conductance and relative water content were noticed in highly susceptible 
genotype than resistant one. On contrary, an increased percent mean change of intrinsic water use efficiency, carboxylation 
capacity and lignin was documented in resistant genotype. Relative injury caused due to bacterial infection was found high 
in highly susceptible genotype than resistant one. Histological investigations in highly susceptible and resistant genotype 
were studied on 20th day of Xap inoculation using Scanning Electron Microscopy. Highly susceptible genotype exhibited 
maximum deformed cells, tissues and other visible abnormalities upon Xap inoculation. Thus, this study forms a basis for 
effective disease management and breeding programmes in pomegranate. 
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Xanthomonas axonopodis pv. punicae (Xap) is a 
highly evolved bacterial pathogen that spreads 
through rain droplets carried by wind and one among 
the numerous pathovars of phytopathogenic 
xanthomonads wreaking havoc in pomegranate 
cultivation1. The area under pomegranate has 
increased from 2.34 (2017-18) to 2.75 lakh ha 
(2019-20) with a corresponding production of 
28.45 to 32.56 lakh tonnes in India2. However, the 
proportional increase in production was not witnessed 
due to several abiotic and biotic stresses. Xap causes 
bacterial blight disease in pomegranate accounting for 

about 80% of production loss in India and poses a 
potential threat to pomegranate growing areas across 
the world3. An array of symptoms is caused by Xap in 
pomegranate and primarily it enters through stomata 
or other natural openings of the plants. Further, it can 
also enter through injuries caused during intercultural 
operations. Disease progress and severity is observed 
high till twenty days of pathogen inoculation and 
there after remained static/decline4. The invasion of 
the pathogen is identified by the signatures of small 
and irregular water soaked spots on leaves, fruits and 
mature branches. Scattered spots on leaves remain 
translucent against the light; gradually these spots 
may coalesce to form bigger patches and leaves 
wither off on severe infections. Brown to black 
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lesions with crevices develops on fruits, often burst 
open exhibiting aril due to bacterial infection, making 
fruits unmarketable. Initially, discolorations around 
the nodes on stems and in advance stages, the onset of 
cracks and breakdown of branches are noticed5. 
Containment of disease spread involves the spraying 
of expensive chemicals and several cultural 
operations, which inclines the cost of cultivation6,7.  
 

Diseases in plants generally involve three 
interactive components: host, pathogen and 
environmental factors. The relationship between these 
factors and disease can best be visualized as a 
triangle, which causes several changes in plant 
morphology. Alteration of plant growth on pathogen 
infection can be speculated through physiological and 
histological investigations, which is prerequisite to 
understand the compatible and incompatible 
interaction between the host and pathogen at the 
cellular level. Further, information on physiological 
and histological background on pathogen 
development and host resistance reactions against 
bacterial blight are lacking. Furthermore, profound 
insight of disease resistance reaction in pomegranate 
genotypes against bacterial blight would enable better 
understanding of defense mechanism and thereby 
effective disease management and breeding program 
in pomegranate8-10.  
 

In the present investigation, we have made an 
attempt to compare the resistant and susceptible 
genotypes of pomegranate with respect to their 
histopathological and physiological changes upon 
inoculation with Xap. In addition, bacterial blight 
development and the occurrence of scrupulously 
discernible resistance reactions in resistant and 
susceptible genotypes of pomegranate are also 
examined.  
 
Materials and Methods 

The experiment was conducted at the Indian 
Institute of Horticultural Research, Bengaluru, India 
under controlled condition. The minimum and 
maximum temperatures ranged from 17.4-20.8ºC and 
30.4-31.2ºC, respectively with a mean relative 
humidity (RH) of 59.63% during the experimentation 
period. The resistant (IC 318734) and highly 
susceptible genotype (Ruby) were selected from the 
previous research work for the current study11. The 
one year old plants propagated through hard wood 
cuttings were utilized for physiological and 

histological investigations. The bacterial suspension 
containing Xap cells grown in LB broth incubated at 
25±3°C for 72 h was harvested, re-suspended in 
sterile distilled water and prepared the inoculum of 
0.3 OD600(∼106 to 107CFU mL−1) for challenge 
inoculation. The uniformly grown resistant and highly 
susceptible plants were selected for imposing 
treatments. The surface of leaves was pricked and 
spray inoculated with bacterial suspension, native 
strain IIHR1 (NCBI Gen Bank ID: KT 222897). 
Correspondingly, control plants were also sprayed 
with only distilled water and observed. After 
inoculation, plants were covered with polythene sheet 
and initially kept under humid conditions to induce 
disease development. Three replications with five 
plants per replication were maintained and evaluated 
under a completely randomized design.  
 

Physiological investigations  
The control and diseased plants of resistant (IC 

318734) and highly susceptible (Ruby) genotype of 
pomegranate were evaluated for one disease cycle 
period viz., 0, 1, 5, 10, 15 and 20 days after spray 
inoculation (DAI) using Portable photosynthesis 
system (LCpro+, ADC BioScientific limited, UK)4,12 
 

Gas exchange parameters  
Photosynthetic rate (PN), transpiration rate (E), 

stomatal conductance (gs), internal leaf CO2 (Ci) and 
internal leaf temperature were measured13. A 
minimum of three measurements were taken during 
09:30 to 11:30 h from fully mature leaves of 
morphological identical plants of resistant and highly 
susceptible genotype at various stages viz., 0, 1, 5, 10, 
15 and 20 days of pathogen inoculation. The mean 
CO2 concentration during the measurement was 388 
µmolmol-1. Instantaneous water use efficiency (WUE) 
was calculated using photosynthetic rate and 
transpiration rate (PN/E), Intrinsic water use efficiency 
(WUEi) was calculated from photosynthetic rate and 
stomatal conductance (PN /gs) and Carboxylation 
capacity (CE) was calculated from photosynthetic rate 
and internal leaf CO2 (PN /Ci). Further, the same 
leaves were used for the estimation of relative water 
content and electrolyte leakage percentage. 
 

Relative water content  
The relative water content (RWC) of leaves was 

measured according to Smart & Bingham14. After 
sampling, a fresh weight of ten leaf discs of size 10 
mm diameter was taken immediately and then 
immersed in distilled water for 7 h at ambient 
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temperature. The leaves were then blotted dry and 
weighed prior to oven drying at 70°C for 48 h. The 
leaf relative water content was calculated using the 
formula, RWC (%) = [(FW-DW)/(TW-DW)]×100, 
where FW, DW and TW are fresh, dry and turgid 
weights of the tissue, respectively13. 
 

Relative injury (RI) 
The cell membrane stability was estimated as 

percent relative injury15. Leaf discs of 10 mm 
diameter were cleaned and collected in two sets of test 
tubes containing 1.0 mL distilled water. One set was 
incubated at 25°C while the other at 50°C for 15 min, 
mixed thoroughly, added 15 mL distilled water 
following elevated temperature exposure and initial 
electrical conductivity using a conductivity meter 
(SYSTRONICS; India) was measured and referred as 
C1 and T1, respectively. Later, the tubes were 
incubated at 10ºC for 18 h, autoclaved (121°C, 1.2 
kgcm-2) for 15 min, immediately cooled to 25°C and 
final electrical conductivity was measured and 
referred as C2 and T2, respectively. The percent 
relative injury (RI) was calculated using the formula 
Relative Injury (%) = {1-[1-(T1/T2)]/[(1-
(C1/C2)]}*100 
 

Lignin  
The lignin was determined by Klason method16. The 

samples were dried completely in the oven and ground 
to a fine powder. 100 mg of sample was weighed in a 
small beaker and added 1.0 mL of 72 per cent H2SO4. 
The mixture was placed in a water bath at 30±0.5°C 
and stirred frequently for one hour. It was then diluted 
and transferred quantitatively to a 125 mL Erlenmeyer 
flask, using 28 mL of water for each 1.0 mL of acid. 
Secondary hydrolysis was done in an autoclave at 
120°C for one hour. The hot solution was filtered using 
glass wool and the Klason lignin residue was washed 
with hot water to remove the acid. The crucibles 
containing the samples were then dried to constant 
weight at 105°C and weighed. Lignin is expressed as a 
percentage of the original sample in ash. 
 

Statistical analysis  
Data was analyzed using software SPSS package 

(SPSS Inc. Version 16.0) for all sets of data and 
means were compared using Duncan multiple 
comparison test at P=0.01. 
 

Histological investigations 
Here, the samples were collected from control and 

diseased plants of resistant (IC 318734) and highly 
susceptible (Ruby) genotype of pomegranate on 20th 

day after inoculation (DAI) and subjected to Scanning 
Electron Microscopy (SEM) observation for 
comparative study. Here, five biological samples were 
analyzed to obtain uniform results. 
 

Scanning Electron Microscopy (SEM) of plant surface 
Plant tissues were initially prepared following 

fresh-hydrated method17 for further environmental 
SEM examination. The microphotographs were 
captured at IISC-Indian Institute of Science, 
Bengaluru using SEM (XL-30 Environmental SEM, 
30 kV, Tungsten source, SE and BSE imaging with 
EDXS). Here, the plant tissues (leaf and stem) were 
cut into pieces of 3-10 mm in size. The cut face of one 
selected piece was sealed with glue (conductive 
carbon glue) and mounted on SEM stubs with a 
conductive adhesive tape. The sample holder of SEM 
was cooled with ice close to 0°C before insertion of 
the sample into the SEM to slow down the 
desiccation. Further, the images of various plant cells 
were captured in healthy and diseased plant tissues of 
both the resistant and highly susceptible genotype for 
comparative study. 
 

Epicuticular wax content on leaf  
Leaf area of 1cm2 was measured and immersed in 

15 mL of chloroform for 15 s at room temperature 
(32+2°C). The extract was evaporated to dryness in a 
water bath at 70°C and then, 5 mL acidic K2Cr2O7 
was added and heated in a boiling water bath for 30 
min. After cooling, 5 mL distilled water was added 
and measured using UV-VIS spectrophotometer at 
590 nm. The concentration of epicuticular wax was 
calculated from a standard curve prepared using 
polyethylene glycol (PEG 6000)18. 
 
Result  
 

Physiological changes due to Xanthomonas axonopodis pv. 
punicae infection 
 

Gas exchange parameters 
Here, photosynthetic rate (PN), transpiration rate 

(E), stomatal conductance (gs), internal leaf CO2 (Ci), 
internal leaf temperature, instantaneous water use 
efficiency (WUE), intrinsic water use efficiency 
(WUEi) and carboxylation capacity (CE) were 
estimated and significant changes were evinced on 
progress of the disease in both susceptible and 
resistant genotype (Tables 1 and 2) 
 

Photosynthetic (PN) and Transpiration rate (E) 
Higher reduction in mean percent change of 

photosynthetic and transpiration rate was noticed in 
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susceptible genotype (16.05, 9.34%) than resistant 
one (2.97, 2.12%) (Fig. 1). Infected/treated plants 
showed the highest PN of 14.27 µmolm-2s-1 on 10th 
DAI in resistant genotype compared to other 
treatments. Whereas, lowest recorded in susceptible 
genotype on 5th DAI (8.66 µmolm-2s-1). Results 
showed decreased transpiration rate of challenged 
plants compared to control plants. It also revealed that 
the maximum E (7.11 µmolm-2s-1) was recorded on 
10th DAI in susceptible genotype and was found on 

par with 20th DAI (7.01 µmolm-2s-1) in the resistant 
genotype. Resistant genotype maintained the highest 
transpiration rate even on 20th DAI, as the infection 
progressed (Table 1). 
 

Instantaneous WUE (WUE) and Intrinsic WUE (WUEi) 
Decreased percent mean change of water use 

efficiency (WUE) was recorded with susceptible 
genotype (8.94%) than resistant one (0.88%). On 
contrary, an increased percent mean change of WUEi 
was documented in resistant genotype (+21.29%) 

Table 1 — Changes in plant physiology viz., photosynthetic rate, transpiration rate, instantaneous WUE and intrinsic WUE on Xap 
inoculation 

Genotype 
Days after 
inoculation 

Photosynthetic rate  
(µmol/m2s) 

Transpiration rate 
(mmol/m2s) 

Instantaneous WUE 
(µmolCO2mmol/H2O) 

Intrinsic WUE 
(µmolCO2mmol/H2O) 

Un- 
treated 

Treated 
%  

change 
Un 

-treated 
Treated 

% 
change 

Un-
treated 

Treated 
%  

change 
Un-treated Treated 

% 
change 

Ruby 
(Highly 
Susceptible) 

0 10.22bc 10.22bcd 0.00 6.15bc 6.15abc 0.00 1.66c 1.66c 0.00 60.07a 60.07abc 0.00 
1 15.98a 13.93a -12.83 4.15cd 3.81bcd -8.19 3.85a 3.67a -4.68 57.19a 54.29abc -5.07 
5 14.80ab 8.66b -41.49 4.46cd 3.81bcd -14.57 3.40ab 2.27bc -33.24 61.02a 57.88abc -5.15 
10 15.52ab 13.11ab -15.53 8.28a 7.11a -14.13 1.88c 1.84bc -2.13 51.28ab 73.31a +42.96 
15 13.57abc 11.70abcd -13.78 6.12bc 5.36d -12.42 2.22c 2.19bc -1.35 46.72ab 52.87abc +13.16 
20 13.27abc 12.36abc -6.86 5.55bcd 5.21cd -6.13 2.43c 2.40bc -1.23 52.35ab 61.62bc +17.71 
Mean  13.89 11.66 -16.05 5.78 5.24 -9.34 2.57 2.34 -8.94 54.77 60.00 +9.54 

IC 318734 
(Resistant) 

0 9.09c 9.09cd 0.00 3.60d 3.60d 0.00 2.52bc 2.52b 0.00 44.35ab 44.35bc 0.00 
1 8.86c 8.74d -1.35 3.63d 3.60d -0.83 2.44c 2.43bc -0.41 38.45ab 41.30c +7.41 
5 10.44bc 9.51cd -8.91 5.35bcd 5.04cd -5.79 1.93c 1.89bc -2.07 45.57ab 63.67ab +39.72 
10 14.83ab 14.27a -3.78 6.18bc 6.01abc -2.75 2.42c 2.40bc -0.83 25.57b 40.50c +58.39 
15 13.02abc 12.86ab -1.23 5.18bcd 5.11cd -1.35 2.57bc 2.57b -0.39 40.79ab 53.18abc +30.38 
20 12.23abc 11.97abcd -2.13 7.09ab 7.01ab -1.13 1.74c 1.73c -0.57 45.13ab 47.89bc +6.12 
Mean 11.41 11.07 -2.97 5.17 5.06 -2.12 2.27 2.25 -0.88 39.97 48.48 +21.29 

SEm+ - 1.66 1.07 - 0.68 0.56 - 0.30 0.25 - 9.14 6.89 - 
CD (0.01%) - 6.56 4.23 - 2.68 2.21 - 1.18 0.98 - 36.15 27.25 - 

 [SEm, Standard Error of the Mean; CD (0.01%), Critical Difference at 1% levels; Treated, Pathogen Inoculated; Untreated,  
  Pathogen Un-inoculated] 
 

Table 2 — Changes in internal CO2, carboxylation capacity and stomatal conductance on Xap inoculation 
 
Genotype 

 
Days after 
inoculation 

Internal CO2 

(ppm) 

Carboxylation 
capacity 

Stomatal conductance 
(mmol/m2s) 

 
Un- 

treated 
Treated % change 

Un- 
treated 

Treated % change 
Un- 

treated 
Treated % Change 

Ruby 
(Highly 
Susceptible) 

0 247.67de 247.67cd 0.00 0.041abc 0.041bcd 0.00 0.17d 0.17bc 0.00 
1 288.33abc 246.00cd -14.68 0.055a 0.057a +3.64 0.28abcd 0.26b -7.14 
5 315.33a 244.33de -22.52 0.047abc 0.035cd -25.55 0.24bcd 0.15c -37.50 
10 302.00ab 249.00bc -17.55 0.051ab 0.053ab +3.92 0.30bc 0.18bc -40.00 
15 262.33cde 224.67cb -14.36 0.052ab 0.051ab -1.92 0.33b 0.22bc -33.33 
20 229.00e 217.67e -4.95 0.058a 0.057a -1.72 0.25bcd 0.20bc -20.00 
Mean 274.11 238.22 -13.09 0.051 0.049 -3.91 0.26 0.19 -26.90 

IC 318734 
(Resistant) 

0 269.51bcd 269.51ab 0.00 0.034bc 0.034d 0.00 0.21cd 0.21bc 0.00 
1 312.67a 277.00a -11.41 0.028c 0.032d +14.29 0.24bcd 0.22bc -8.33 
5 291.33abc 233.67cde -19.79 0.036abc 0.041bcd +13.89 0.23bcd 0.15c -34.78 
10 297.67abc 271.00a -8.96 0.050ab 0.053ab +6.00 0.58a 0.36a -37.98 
15 251.33de 238.33cde -5.17 0.052ab 0.050ab +2.04 0.32bc 0.25b -21.88 
20 249.67de 246.67cd -1.20 0.049ab 0.054abc +3.84 0.27bcd 0.25b -7.41 
Mean 278.69 256.03 -8.13 0.041 0.044 +7.31 0.31 0.24 -22.50 

SEm+ - 11.74 7.42 - 0.01 0.04 - 0.04 0.03 - 
CD (0.01%) - 46.43 29.34 - 0.04 0.01 - 0.15 0.11 - 
[SEm, Standard Error of the Mean; CD (0.01%), Critical Difference at 1% levels; Treated, Pathogen Inoculated; Untreated, Pathogen Un-
inoculated] 
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compared to susceptible one (+9.54%) (Fig. 1). 
Significantly highest WUE recorded with susceptible 
genotype on 1st DAI (3.67 µmol mmol-1) followed by 
15th DAI (2.57 µmol mmol-1) in resistant genotype 
while lowest recorded with treated control in 
susceptible genotype (1.66 µmol mmol-1). A similar 
trend was followed with un-inoculated plants of 
resistant and susceptible genotype. However, the 
maximum percentage reduction in WUE recorded in 
susceptible genotype (33.24%) on 5th DAI over 
its control while on the same day, reduction 
percentage was minimum in resistant genotype 
(2.07%) (Table 1). Highest WUEi recorded with 
the susceptible genotype on 10th DAI (73.31 µmol 
mmol-1) and was on par with all the treatments except 
1st and 10th DAI in resistant genotype, which recorded 
the lowest WUEi compared to other treatments. The 
resistant genotype recorded an increased mean 
percentage of WUEi over its control (+58.39 %) when 
compared to the susceptible genotype (+42.96%) on 
10th DAI (Table 1). 

Internal CO2 content (Ci) 
It is conspicuous from the Table 2 that pathogen 

infected plants showed lower Ci than control plants. 
On the other hand, the highest Ci (277.00 ppm) 
recorded on 1st DAI followed by 10th DAI in the 
resistant genotype and both the treatments were 
on par with each other. The lowest content of Ci 
(217.67 ppm) was recorded with susceptible genotype 
on 20th DAI (Table 2). Decreased mean percent 
change recorded in susceptible genotype (13.09%) 
compared to resistant genotype (-8.13%) (Fig. 1). 

Carboxylation capacity (CE) 
Decreased percent mean change was observed with 

susceptible genotype (3.91%) while increased 
percent mean change was recorded in resistant 
genotype (+7.31%) (Fig. 1). CE was found increased 
on 20th DAI than the initial day (0th DAI) in both 
resistant and susceptible genotypes (Table 2).  

Stomatal conductance (gs) 
A reduction in stomatal conductance was noticed 

on pathogen attack when compared to control. 

Fig. 1 — Physiological variations observed in highly susceptible (Ruby) and resistant (IC 318734) genotypes upon Xap inoculation. 
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Stomatal conductance was highest in resistant 
genotype (0.36 mmol m-2s-1) on 10th DAI and found 
significant over other treatments while lowest 
recorded in susceptible and resistant genotypes on 5th 
DAI  (0.15 mmol m-2s-1) (Table 2). Further, a high 
reduction in percent mean change of stomatal 
conductance was noticed in susceptible (-26.90%) 
than resistant (22.50%) genotype (Fig. 1). 
 

Relative water content (RWC)  
It was noticed that there were no significant 

differences between the genotypes on various days in 
control plants. RWC % was found to decrease on 
progress of the disease in both susceptible and 
resistant genotypes. However, the resistant genotype 
recorded the highest RWC % even during exposure 
period of biotic stress compared to the susceptible 
genotype. Throughout infection, the overall percent 
reduction mean change of RWC over its control was 
high in susceptible (-16.69%) compared to resistant 
genotype (-4.14%) (Table 3 and Fig. 1). 
 

Relative injury (RI)  
No significant difference was observed between the 

genotypes on various days in control plants. RI % 
recorded high in susceptible genotype than resistant 
genotype on all the days of pathogen infection  
(Fig. 1). In resistant genotype, RI % was high on 15th 
day (43.75%) after inoculation and later, it was found 
to reduce gradually. Whereas on the same day (15th 
DAI), RI % in susceptible genotype was very high 
(61.76%) and found to increase further on progress of 
the disease (Table 3). 
 

Lignin content  
Decreased percent mean change was recorded in 

susceptible (10.80%) genotype over its control while 
increased percent mean change was recorded in 
resistant one (+8.00%) (Fig.1). Lignin content of 
control plants was found high in susceptible genotype 
than resistant one. Paradoxically, pathogen-treated 
plants exhibited significantly high lignin content in 
resistant genotype than susceptible ones. Similarly, it 
was found that lignin content showed an increased 
trend initially and later decreased in both the 
genotypes. However, the lignin content recorded 
highest on 10th DAI in resistant genotypes (16.55%) 
with 15.73% increase over its control (Table 3). 
 
Histological changes due to Xanthomonas axonopodis pv. 
punicae infection 
 

Dorsal and ventral side of leaf 
It was observed that the parenchyma cells on dorsal 

side of the leaf were healthy and arranged precisely in 
untreated controls of resistant and susceptible 
genotype. Plants when challenged with pathogen 
exhibited distorted structures of parenchyma cells in 
both the genotypes. However, maximum dent in 
parenchyma cells was noticed in susceptible genotype 
compared to resistant genotype on 20th DAI (Fig. 2A). 
Similarly on ventral side of the leaf, after pathogen 
inoculation, it was observed that the bacterial  
growth was high in susceptible genotypes and  
further expanded blocking the stomata and stomatal 
pores on 20th DAI when compared to resistant 
genotype (Fig. 2B). 
 

Table 3 — Changes in relative water content, relative injury and lignin content on Xap inoculation 

Genotype 
Days after 
inoculation 

Relative Water Content (RWC %) Lignin (%) Relative injury (RI %) 
Un- 

treated 
Treated % Change 

Un- 
treated 

Treated % Change 
Un- 

treated 
Treated 

Ruby 
(Highly 
Susceptible) 

0 69.38a 69.25ab -0.19 15.57a 15.57b 0.00 5.52a 5.84f 
1 69.45a 64.11d -7.69 15.62a 15.54b -0.51 5.33a 30.04d 
5 69.22a 46.67f -32.58 15.80a 13.20de -16.46 5.61a 49.95b 
10 69.38a 48.28fe -30.41 15.82a 12.39e -21.68 5.51a 61.76a 
15 69.33a 58.33e -15.87 15.55a 13.22de -14.98 5.23a 61.76a 
20 69.85a 59.26e -15.16 15.50a 13.79d -11.03 5.48a 62.45a 
Mean 69.43 57.65 -16.96 15.64 13.95 -10.80 5.44 45.30 

IC 318734 
(Resistant) 

0 71.26a 71.13a -0.18 13.90bc 13.90d 0.00 5.28a 5.42f 
1 71.23a 69.54a -2.37 14.00bc 14.96bc +6.86 5.85a 16.1e 
5 71.28a 64.76ab -9.15 14.04bc 15.41b +9.76 5.46a 31.49d 
10 71.26a 66.67cd -6.44 14.30bc 16.55a +15.73 5.71a 43.71c 
15 71.23a 68.25bcd -4.18 13.60b 14.90bc +9.56 5.86a 43.75c 
20 71.29a 69.45abc -2.58 13.30c 14.13cd +6.24 5.12a 40.75c 
Mean 71.25 68.30 -4.14 13.85 14.97 +8.00 5.55 30.20 

SEm+ - 1.87 1.19 - 0.26 0.32 - 0.34 1.38 
CD (0.01%) - 7.39 4.70 - 1.02 1.26 - 1.34 5.45 
[SEm, Standard Error of the Mean; CD (0.01%), Critical Difference at 1% levels; Treated, Pathogen Inoculated; Untreated, Pathogen 
 Un-inoculated] 
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Fig. 3 — SEM images of epicuticular wax crystals on dorsal side 
of leaf at magnification of 1000X in genotypes of pomegranate. 
(A) Highly susceptible (Ruby); and (B) Resistant (IC 318734)
genotype

Epicuticular wax crystals on leaf  
The SEM analysis showed that epicuticular 

wax crystals were present on the dorsal side of 
pomegranate leaves. However, it was noticed 
that a higher degree of crystalline wax was present 
and found pronounced in resistant genotype 
(IC 318734) than susceptible genotype (Ruby) 
(Fig. 3). IC 318734, found to contain high wax 
content (548.12 µg dm-2) compared to the Ruby, 
which is susceptible (433.75 µg dm-2) genotype. The 
results also showed that both the genotypes 
significantly vary with each other as depicted from 
Fig. 4.  

Trichomes on the stem  
Variation in density of trichomes was witnessed in 

genotypes. It was observed that a higher density of 
trichomes was present in resistant than susceptible 
genotype (Fig. 5). 

Cross-sectional view of stem  
The healthy and diseased stems were compared and 

found that all the cells of tissue were intact in the 
healthy plant whereas in diseased tissue, cells were 
seen disintegrated. Further, after inoculation of a 
pathogen, the cells of the pith (P), primary xylem 
(PX), secondary xylem (SX), phloem (PH), periderm 
(PE), vascular cambium (VC), cork (C) and resin duct 
(RD) in susceptible genotype were found more 
deformed and disorganized compared to resistant 
genotype (Fig. 6A). The closer view of the stem using 
SEM also suggested that pith (P), proto-xylem (PX), 
meta-xylem (MX) and medullary ray (MR) were seen 
prominent in control/untreated plants of both the 
genotypes. Further as mentioned earlier, the plants 

exposed to pathogen exhibited disintegration of 
tissues in both the genotypes. However, the 
susceptible genotype succumbed to more damage than 
the resistant genotype (Fig. 6B).  

Discussion 
Pathogens employ different strategies to invade a 

plant that causes stress. Production of secondary 

Fig. 2 — SEM photographs showing the parenchyma cells on (A) dorsal side; and (B) ventral side of leaf before and after Xap inoculation 
in pomegranate genotypes at magnification of 1000X. [(i): Healthy susceptible (Ruby); (ii): Healthy resistant (IC 318734); (iii): Infected 
susceptible (Ruby) & (iv): Infected resistant (IC 318734) genotype] 

Fig. 4 — Wax content (µg/dm2) in highly susceptible (Ruby) and
resistant (IC 318734) genotypes  

Fig. 5 — SEM image view of trichomes on stem at magnification
of 1000X in pomegranate genotypes. (A) Highly susceptible
(Ruby); and (B) Resistant (IC 318734) genotype 
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metabolites and alteration in plant taxonomy is 
witnessed as signature of defense mechanism in plants 
to maintain physiological homeostasis19. In the 
present investigation, a significant decrease in 
photosynthesis, transpiration and stomatal 
conductance was noticed on pathogen infection. 
Reduction in photosynthetic and transpiration rate 
was evinced till 10 days of bacterial inoculation and 
later found to increase (Table 1 & 2). Morphological 
and metabolic alterations on pathogenesis might be 
the cause for reduction in physiological activities. 
Pathogenesis also associated with hypertrophy of 
chlorenchyma, reduction of air spaces, or obstruction 
of conductive tissue and stomata during initial days of 
inoculation. Further, the decrease in photosynthesis 
causes simultaneously increased demand for 
assimilates very often, which leads to a transition of 
source tissue into sink tissue during plant–pathogen 
interactions. This transition of source to sink is found 
evident with the decrease in concentration of primary 
metabolites present in genotypes on pathogen 
infection.  

The reduction in photosynthesis is also attributed to 
the reduction in internal carbon. The reduction in CO2 
induces sequential activities like Rubisco 
deactivation, stomatal closure and reduction in 
transpiration rate. Higher intrinsic WUE might 
plausibly indicate the potentiality of genotype to 
sustain the biotic stress20. Decrease in RWC was 
noticed in pathogen infected plants21. The high 
percentage decrease of RWC over its control was 
observed in susceptible genotype than resistant one 
(Table 3). Further, physiological status of resistant 
genotype was found to restrain after 20 days of 
bacterial inoculation in comparison to susceptible 
genotype. Inbuilt resistance developed during 
pathogenesis abstain the growth of pathogen on 
progression of infection in resistant genotype22. Thus, 
increased physiological components were recorded 
with incompatible interaction than compatible one 23. 
Similar results were reported in tobacco24 and 

pepper25 and specified that reduction in relative water 
content is an indication of water transport in the soil-
plant-atmosphere and thereby respiratory systems of 
the plants would adversely get affected25. 
 

The relative injury is an indication of cellular 
damage and cell membrane stability in plants. In the 
present study, a high percentage of relative injury was 
recorded with treated susceptible genotype (Table 3). 
Higher relative injury characterizes the percentage 
decrease in performance of the genotype under stress 
relative to the non-stress conditions26. Electrolyte 
leakage is an indication of stress response in intact 
plant cells. This phenomenon is widely used as a test 
for the stress-induced injury of plant tissues and ‘a 
measure’ of plant stress tolerance27. The relative 
injury recorded high in susceptible genotypes 
implying more ion leakage on infection than resistant 
one, suggesting stress-induced K+ efflux inhibits 
energy-consuming ‘anabolic’ reactions and stimulates 
‘energy-releasing’ catabolic processes. Thereby, 
ceases growth and ‘redirects’ the energy flow to 
adaptation and healing needs. This could be a critical 
step in plant cell adaptation to any stress factor but 
when exceeds beyond threshold level affects cell 
membrane stability, which is witnessed in the present 
study during compatible interaction of plant and 
pathogen28 (Table 3). Further, the obtained results are 
in conformity with the results of Blatt et al.29 in plant-
pathogen interaction.  
 

Pathogenesis is a complex process involving the 
capability of pathogens on interaction with 
microclimate causes infection of a host plant. The cell 
wall associated immune responses are suppressed by 
certain effectors of Xap, causing bacterial blight in 
pomegranate30, 31. The potential host plant activates an 
array of defense mechanisms to resist the 
development of disease. Besides, it is a primary 
challenge even for the pathogen to breach the physical 
barrier of the host cell. It is worth mentioning that 
microscopy is a valuable and essential tool for 
monitoring pathogen invasion. Therefore, histological 

Fig. 6 — SEM images showing the cross-sectional view of stem before and after Xap inoculation in pomegranate genotypes 
at magnification of (A) 150X; and (B) 500X. [(i): Healthy susceptible (Ruby); (ii): Healthy resistant (IC 318734); (iii): Infected 
susceptible (Ruby) & (iv): Infected resistant (IC 318734) genotype. In (A): P, Pith; PX, Primary xylem; SX, Secondary xylem; PH, 
Phloem; PE, Periderm; VC, Vascular cambium; C, Cork; RD, Resin Duct; and in (B): P, Pith; PX, Primary xylem; MX, Meta-xylem; 
MR, Medullary Ray] 
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studies of the host-pathogen interaction could help 
identify events that occur during the pathogenesis and 
ultimately leads to a better understanding of the 
resistance mechanism32. It was observed from the 
study that maximum cell deformation occurred in 
susceptible genotype than resistant genotype. 
Destruction of parenchymatous cells was visualized 
maximum in susceptible genotype under SEM  
(Fig. 2A). Parenchyma cells are reported as a source 
of defense mechanism that restricts pathogen  
growth by the compartmentalization processes33. 
Resistance and susceptibility can thus be predicted 
based on the genotype and its response to the 
pathogen. Pathogen-derived factors are known to 
perturb stomata, which are an important apparatus of 
plant that regulates gas exchange and improves WUE 
(Fig. 2B). Further, variation in disease severity level 
may be attributed to stomatal opening or closing 
during pathogen attack8. Therefore, alteration in 
stomata impacts the regular functioning of plants, 
which causes detrimental effects to crop yield34. 

Waxes are an integral part of the plant defense 
system that impedes the spread of pathogens35. The 
SEM analysis showed epicuticular waxes on leaves of 
pomegranate plants act as a barrier for pathogen 
ingress. The crystalline waxes were less pronounced 
in susceptible genotype than resistant one. Similarly, 
quantitative differences in the wax deposition were 
also observed in this experiment, where resistant 
genotype recorded higher than susceptible genotype 
(Figs 3 & 4). The wax content and its abundance were 
known to affect resistance to pathogens and was 
stated that surface epicuticular waxes could impede 
the entry of pathogens by providing a physical barrier 
to penetration36. Similar observations were made in 
cassava against bacterial blight37. Further, genotype 
with higher wax content on the abaxial leaf surface is 
non-wettable and seems unlikely as the route of entry 
for Xanthomonas axonopodis pv. punicae. Similar 
work was described in cassava against Xanthomonas 
axonopodis pv. manihotis38. Trichome density on the 
stem was high in resistant genotype than susceptible 
one (Fig. 5). The presence of dense trichomes 
signifies the protection against several biotic and 
abiotic stresses and retains water contents39. Wax and 
trichomes prevent excess water loss and potentially 
improve WUE in various crops40. Higher density of 
trichomes comprehends more WUE as reported by 
Galdon et al41 in tomato crop.  

Furthermore, cell and tissue deformation on 
pathogen infection was seen, which involved pith 

enlargement, under development of vascular bundles 
and cambium aberration in susceptible genotype than 
resistant one (Fig. 6A & B). Generally, bacterial 
infection disrupts the vascular bundles and spreads the 
diseases in plants42. Lignin content was recorded high 
in resistant genotype than susceptible (Table 3). 
Lignification is a mechanism for disease resistance in 
plants and during defense responses, lignin or lignin-
like phenolic compound accumulation was found to 
occur in a variety of plant-microbe interactions. The 
events of cell wall lignification by a distinct layer of 
phloem and cortex parenchyma cells and suberin 
lamellae deposition in response to the pathogen, also 
suggested as part of an intrinsic defense response43. 
Callose and lignin are components of cell wall, which 
have been implicated both in growth processes and 
defense responses44,45. Lignin also plays important 
role in plant protection, which seems to result in the 
production of pectin-derived immune elicitors, 
inducing defense responses46. Thus, observations 
specified that manipulation of cell wall components 
could cause adaptive changes or modifications of 
other components, as part of defense mechanism in 
plants47. Therefore, modulation in physiological and 
histological components is essential for plant 
sustainability during plant-pathogen interaction. 
 

Conclusion  
Xanthomonas axonopodis pv. punicae causing 

bacterial blight in pomegranate is a major constraint 
in many pomegranate growing countries. A 
systematic study of plant-pathogenic interaction 
unravels underlying defense mechanism in susceptible 
and resistant genotypes of pomegranate. In present 
investigation, physiological changes viz., high 
reduction in percent mean change of photosynthetic 
and transpiration rate, instantaneous water use 
efficiency, internal CO2 content, carboxylation 
capacity, stomatal conductance, relative water and 
lignin content was noticed in susceptible genotype 
upon Xap infection. Likewise, histological changes 
viz., maximum dent in parenchyma cells, blockage in 
stomatal pores, widened pith, blockage in xylem and 
phloem cells were observed in susceptible genotype 
on progress of Xap infection. Therefore, these 
changes contributed to maximum extent of damage in 
highly susceptible genotype (Ruby) in comparison to 
resistant (IC 318734) genotype. Comparative analysis 
thus suggests that alteration in physiology and 
histology of pomegranate varied greatly in susceptible 
and resistant genotypes at structural and cellular level 
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during blight pathogenesis. The study also prompted 
that the Xap-pomegranate interactions during 
incompatible response would lead to the 
compromised plant defense mechanism by 
suppressing relative injury caused through an array of 
events. Observations from this study would be useful 
for effective disease management and various 
breeding program in pomegranate. 
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