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Introduction

Climate change is resulting in the frequency and intensity of 
climatic anomalies such as drought and flooding (Choat et al. [1], 
McDowell et al. [2]), and tree mortality associated with intense 
droughts are becoming more prevalent in drought-prone eco-
systems [1-3]. Drought causing widespread tree dieback has a 
pronounced impact on the composition, function, and ecosystem 
services, making forest sustainability a significant concern under 
warming and dry climatic conditions [3-5]. Information regarding 
important physiological processes and tree response to long-term 
high temperatures and water deficit conditions is valuable in de-
termining the tree growth and decline risk under future dry and 
warm climatic conditions [6,7]. Long-distance water transport 
in the xylem is critical for physiological functioning because it 
governs leaf gas exchange [8,9]. Upward water flow in xylem con 
duits is mostly drawn by transpiration-generated negative pres-
sure and, therefore, remains stable, and increasing xylem tension 

during drought causes cavitation, thus compromising hydraulic 
network stability [10,11]. Embolism spreading throughout the 
xylem will significantly lower hydraulic transport efficiency and 
result in serious hydraulic dysfunction, which has been identified 
as a primary physiological mechanism leading to drought-induced 
tree death [12]. As a result, a detailed understanding of the pat-
terns of tree growth in response to extreme drought, as well as the 
underlying xylem hydraulic processes, would provide a scientific 
framework for designing rational forest management approaches 
in water-stressed areas under climate change.

The Dalbergia genus is a pantropical group of approximately 
250 species and a diverse group in Asia, Central and South Amer-
ica, Africa, and Madagascar (Kile [13], Hartvig [14]) Dalbergia sis-
soo is one of Pakistan’s most significant and widely planted tree 
species. It is locally known as “shisham or talli” and is renowned 
for its high-quality wood, colour, tensile strength, texture, grain, 
and other physical-mechanical properties [14]. It offers a very im-
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portant raw material for a wide range of wood-based industries, 
especially furniture, and housing. Wood is also preferred for heat-
ing and cooking due to its high calorific value. No other species of 
wood, except teak, are so extensively planted in India and Pakistan.

Although the species is native to Pakistan, serious challenges 
are speculated in planting, establishment, and forest productivity 
under changing climate scenarios [15,16] as hot and prolonged 
summers and low water availability are becoming more frequent 
in Pakistan. Plants are typically sedentary and adapted to cope 
continuously with different forms of biotic and abiotic stresses 
[17]. Climate change includes several factors such as drought, 
flooding, and high temperature that have an interconnected ef-
fect on plant health. It is therefore essential to understand these 
factors as products of plant health interactions to forecast global 
change [18]. Droughts are occurring both at a high rate and in se-
verity, therefore, reducing the time needed for plants to react to 
such anomalies. Plant reactions to water deprivation have there-
fore been commonly considered and found to be dynamic, interac-
tive, and subject to time, duration, and strength of stress [19,20]. 
Plant reactions to water deficiency cause physiological, biochem-
ical, and molecular reactions [21]. These mechanisms were not 
studied in D. sissoo and how they interact with both biotic and 
abiotic factors such as fungal pathogens and water deficit [91]. 
Pathogen outbreaks change plant physiological processes such as 
primary and secondary metabolism, as well as the induction of the 
defence mechanism, affecting plant growth and development [22]. 
Similarly, the outcome of plant-pathogenic interactions can be af-

fected by the history of abiotic stress predisposition that plants 
have accumulated during their life cycle. Water scarcity can affect 
plants’ physiological status by altering their susceptibility to abi-
otic factors and favoring pathogen infection [23]. Abiotic stress 
predisposition to disease in plants is well known [20,24] and the 
challenge of ever-changing climate change means that a deeper 
understanding of these mechanisms is extremely important for 
disease management [24].

Ceratocystis fimbriata, a member of the Ceratocystis genus, is 
known to infect a wide variety of tropical and subtropical tree spe-
cies [13,25-27]. However, very little is known about the interactive 
role of C. fimbriata and water deficit in relation to the incidence 
of shisham dieback in Pakistan. Secondly, different responses 
both physiological and biochemical that are triggered by D. sissoo 
seedlings under these stresses are not known. Given the socioeco-
nomic significance of D. sissoo and the urgent need for research 
into tree response to multiple stresses, the role of drought stress, 
including simultaneous and water deficit predisposition in D. sis-
soo under Ceratocystis fimbriata and its implications on growth, 
disease, biochemical and physiological changes, was investigated.

Material and methods

Climate data on annual precipitation (mm) and temperature 
(oC) for Pakistan was downloaded from https://climateknowl-
edgeportal.worldbank.org/download-data for a period ranging 
between 1981 and 2018 (Figure 1).

Figure 1: Association of D. sissoo dieback incidences with changes in rainfall and temperature pattern of Pakistan during the period of 1981- 
2018. A sharp drop in annual rainfall was observed from 1982 (604 mm) which continues to drop to 158 mm in 1987. Similarly, an extreme 
drought period was observed from 1995 – 2000 with rainfall below 200 mm. Drought conditions returned in 2002 - 2003 with an annual 
rainfall of 197 – 189 mm respectively. These periods of extreme droughts experienced an exponential increase in D. sissoo dieback which 
reached its peak in 1998 with an epidemic that resulted in the death of millions of D. sissoo trees in Pakistan and India.
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Plant Materials

The open-pollinated seeds of D. sissoo were randomly collect-
ed from different mother trees along with the natural range of the 
Himalayan Khyber Pakhtunkhwa (KPK) province of Pakistan. The 
area is considered a center of origin of D. sissoo. The mountain 
range forms narrow valleys with a subtropical environment. The 
area is mainly fed with freshwater received mainly from rain or 
from melting snow. Floods are not known due to hilly topography. 
Locally, the climate is subtropical, with high rainfall, tempera-
tures, and humidity. The soil is sandy loam with good drainage 
and EC<0.5 dS m-1.

D. sissoo seedlings were raised from the pods by soaking in 
water overnight and planted into pots containing sandy loam soil 
at Nursery Farm of Forestry, University of Agriculture Faisalabad, 
Punjab. Seedlings were watered regularly till the age of 6 months.

Ceratocystis fimbriata culture 

The Tree Pathology Laboratory at the Centre for Advanced 
Studies, Food Security Agriculture (CAS-AFS), Faisalabad Uni-
versity of Agriculture, Faisalabad, Pakistan, provided a reference 
culture of Ceratocystis fimbriata GenBank accession #MG971390. 
The pure culture was incubated at 25°C on 2 percent malt extract 
agar (MEA) comprising 20 g L-1 malt and 20 g L-1 agar (Biolab, Mid-

rand, South Africa).

Pathogen inoculation

C. fimbriata pure culture was utilized for seedling inoculation. 
For inoculation, mycelial plugs (about 5 mm in diameter) were 
taken from the borders of 1-week-old cultures. Before inoculation, 
the stem surface was disinfected with 70% ethanol. A shallow “I” 
incision was performed at the base of the stem (5 cm above the 
surface of the soil) using a sterile scalpel to remove the bark and 
expose the cambium. In each of the wound-facing incisions, a my-
celial plug was introduced [28]. To avoid desiccation, the initial 
length of the incision was measured, and the cut site was sealed 
with parafilm.

Wounded stems from control plants were similarly handled, 
except that they were infected with sterile MEA plugs devoid of 
fungus. To confirm Koch’s postulates, the fungus was re-isolat-
ed from each infected plant at the conclusion of the experiment. 
Wood tissues were taken from the lesions and immersed in 5% 
hypochlorite for 2 minutes before being soaked in 70% ethanol, 
rinsed in sterile distilled water, washed dry on sterile filter paper, 
and plated on MEA medium. Plants that have just been infected 
with MEA have also been isolated. After incubation at 25oC, the 
fungus was described based on morphological properties.

Experimental Design

Figure 2: Conceptual diagram of the experimental design in this study.

The experiment was laid out in a completely randomized de-
sign with two levels i.e., water and drought. For drought, two lev-
els i.e., simultaneous water deficit and fungal inoculation second 
predisposition to water deficit for two weeks before inoculation. 
Control treatments also contained two levels i.e., seedlings sub-
jected to water deficit alone, secondly, seedlings watered and in-

oculated with MEA alone (Figure 2). Seedlings were watered at 80 
percent field water capacity in the case of well-watered seedlings 
and those subjected to water deficit were maintained at 25 per-
cent water field capacity. In the case of a drought predisposition, 
the seedlings were watered at 25 percent of the soil water field 
capacity for the first 14 days and inoculated with C. fimbriata after 
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that seedlings were watered at 80 percent soil water field capaci-
ty. Each treatment is represented by 10 seedlings. Seedings were 
kept and maintained in a net house under natural environmental 
conditions.

Monitoring of Plants

Seedlings were monitored regularly, and observations of ex-
ternal symptoms including leaf color changes and wilting were re-
corded. However, data on fungal infection, plant growth, and phys-
iological and biochemical traits were collected after two months 
of treatment.

Growth parameters

Plant height was measured in inches on the day of inoculation 
and again on the last day of the experiment. The plant’s growth 
rate was calculated by subtracting the final and initial heights.

Monitoring infection

External signs such as foliar chlorosis and wilting were moni-
tored on a regular basis. The growth of the stem lesions (mm) was 
calculated after 2 months. The final increment in lesion develop-
ment was the difference between the initial and the final lesion 
growth.

Osmotic Potential and Water Potential

Fresh leaf tissues were sampled at 6:00 a.m. and kept at O°C 
for three to four days. Leaf tissues were thawed at room tempera-
ture for 30 to 45 minutes to obtain cell sap. The osmotic potential 
of the leaves was determined using an Osmometer and a 50 ml 
volume of cell sap [29]. The leaf water potential was calculated us-
ing a pressure chamber (Plant Moisture Stress, PMS Instruments) 
following the method of [30].

Pigment Determination

Photosynthetic pigments were extracted using cold ace-
tone-50 mM Tris buffer pH 7.8 (80:20 v:v) following the protocol 
of Sims & Gamon’s [31]. The readings were taken at 470, 537, 647, 
and 663 nm wavelengths using PerkinElmer Spectrophotometer 
(Perkin Elmer). Concentrations of total chlorophyll, chlorophyll a 
(Chla), b (Chlb), and carotenoids were determined using Sims and 
Gamon’s [31] formulae.

Antioxidant enzyme assays

Superoxide (SOD) was determined in a 2.0 ml reaction her-
metically sealed tubes of reaction solution containing the diso-
dium salt of 100 M Ethylenediamine tetraacetic acid (Na2 EDTA), 
20 M -Nicotinamide adenine dinucleotide reduced (NADH), and 
20 mM sodium phosphate buffer, pH 7.8 [32]. A chromatography 
syringe was used to introduce 100 µL of 25.2 mM epinephrine in 
0.1N HCl into the process. The samples were incubated at 28 °C for 
5 minutes while being shaken. Following that, the segments were 
removed, and a reading was taken at an absorbance of 480 nm in 
a PerkinElmer Spectrophotometer (Perkin Elmer). The blank was 
used under identical conditions, but with no plant tissue. With a 
molar absorption coefficient of 4.0 x 103 M-1, the amount of ac-

cumulated adrenochrome was utilized to compute the amount of 
superoxide anion generated [33,34]. To quantify hydrogen perox-
ide, leaf samples were weighed on a 0.0001 g precision balance, 
ground in liquid nitrogen, and homogenized in 2.0 mL of 50 mM 
potassium phosphate buffer, pH 6.5, containing 1 mM hydroxyl-
amine, then centrifuged at 10,000 g for 15 minutes at 4 °C, and 
the supernatant was collected [35]. Aliquots of 100 µL superna-
tant were added to a reaction medium containing 250 M ferrous 
ammonium sulfate, 25 mM sulfuric acid, 250 M xylenol orange, 
and 100 mM sorbitol in a final volume of 2 mL, homogenized, and 
maintained in the dark for 30 minutes [36]. Absorbance was mea-
sured at 560 nm using a PerkinElmer Spectrophotometer (Perkin 
Elmer)., and H2O2 was quantified using a calibration curve with 
peroxide concentrations as a benchmark.

Photosynthetic rate, Transpiration Rate, Stomatal conduc-
tance, Water use efficiency

IRGA portable equipment was used to evaluate photosynthet-
ic rate (μmol m-2 s-1), stomatal conductance (mmol m-2 s-1), water 
usage efficiency, and transpiration rate (mg H2O m-2 s-1) (Infra-Red 
Gas Analyzer, Li 6200, Licor). The measurements were obtained 
about midday on five randomly chosen leaves for each treatment.

Data Analysis

All parameters were submitted to a two-way analysis of vari-
ance (ANOVA), and significantly different treatment means were 
compared using Tukey’s test, using the R package “agricolae” 
[37,92]..

Result
Pathogenicity Trials

Stem lesions, foliar chlorosis, and wilting were not the same 
for all treatments. As expected, water-stressed plants wilted with 
severe leaf chlorosis, and more than 80 percent experienced 
mortality. Plants inoculated with MEA alone and watered ap-
peared healthy. Similarly, plants watered and inoculated with C. 
fimbriata looked healthy and asymptomatic. Large-sized lesions 
occurred around the inoculation site of those plants that were wa-
ter-stressed and inoculated concurrently or predisposed to water 
deficit before inoculation (Figure 3). 

Generally, seedlings subjected to water and fungal stress 
showed a 30-60 percent mortality rate. A high mortality rate of 
60 percent was observed in seedlings subjected to both stresses 
simultaneously, followed by predisposed seedlings with a 30 per-
cent mortality rate. C. fimbriata was re-isolated from the lesions 
and was morphologically identified, thus confirming Koch’s pos-
tulates. The lesion growth caused by C. fimbriata was significantly 
different (Figure 4). Maximum lesion growth (43.0 mm) was ob-
served in seedlings that were inoculated after water limitation im-
position than on plants inoculated simultaneously to water stress 
imposition (21.8 mm) respectively (Figure 4 & Table 1). Nonethe-
less, a very restricted lesion growth (6.6 mm) was observed in 
seedlings inoculated and watered (Figure 4 & Table 1). 
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Figure 3: Representative pictures of lesions produced by Certocystis fimbriata on D. sissoo seedlings that were subjected to various 
treatments. (a) Plants inoculated with MEA and watered regularly appeared healthy and without lesions. (b) Seedlings inoculated with 
C. fimbriata and watered showed very little fungal growth initially and then stopped growing. (c) Seedlings, exposed to water deficit and 
inoculated with C. fimbriata simultaneously and (d) predisposed showed dieback symptoms and high lesion growth.

Figure 4: Lesion growth in Dalbergia sissoo seedlings inoculated with Ceratocystis fimbriata after water stress imposition (Drought + C. 
fimbriata), simultaneous (C. fimbriata + Drought) water, and fungal stress, and with control treatments (mean ± SD). Different letters express 
significant (P ≤ 0.05) differences across experimental treatments.
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Table 1: Mean comparison table based on Tukey’s Test for plant height, lesions growth, physiological and biochemical parameters.

Drought C. fimbriata + 
Drought

Drought + C. fim-
briata Water + C. fimbriata MEA + Water

Height (inch) 1.016±0.40 d 1.624±0.29 cd 2.69±0.69 c 4.926±1.11 b 6.858±0.70 a

Lesion growth (mm) 0.00±0.000 c 21.8±4.15 b 43.0±7.34 a 6.6±6.54 c 0.00±0.000 c

Chlorophyll a (µmol/
ml) 0.200±0.064 b 0.422±0.057 b 0.386±0.050 b 0.816±0.079 a 0.882±0.358 a

Chlorophyll b (µmol/
ml) 0.064±0.044 c 0.18±0.035 bc 0.166±0.074 bc 0.328±0.142 ab 0.458±0.098 a

Total chlorophyll 
(µmol/ml) 21.04±2.76 e 32.18±0.79 c 27.03±1.91 d 38.22±1.17 b 42.22±1.13 a

Carotenoids (µmol/
ml) 0.116±0.021 b 0.142±0.030 b 0.144±0.035 b 0.146±0.051 b 0.238±0.057 a

Osmotic Potential 
(MPa) -0.971±0.017a -0.906±0.017b -0.838±0.026c -0.5355±0.028d -0.4±0.017e

Water Potential (MPa) -1.567±0.059 a -1.374±0.030 b -1.248±0.010 c -0.931±0.036 d -0.683±0.048 e

H2O2 2.20±0.697 ab 5.30±3.353 ab 2.01±1.029 b 1.62±0.748 b 6.25±3.375 a

CAT 14.37±3.08 a 15.54±2.48 a 17.98±2.34 a 12.72±5.93 a 4.06±1.62   b

POD 4.742±0.256 a 5.174±0.039 a 3.324±0.996 ab 0.934±0.996 b 1.338±0.829 b

Photosynthetic rate 
(μmol m−2 s −1) 2.526±0.39 d 6.228±0.41 c 6.092±0.56 c 9.386±0.67 b 12.186±0.77 a

Transpiration rate (mg 
H2O m−2 s −1) 0.3±0.05 b 0.808±0.06 a 0.754±0.09 c 1.626±0.15 d 2.382±0.18 c

Stomatal Conductance 
(mmol m−2 s −1) 29.04±0.93 d 43.116±1.86 c 43.11±2.12 c 589.772±11.49 b 629.026±5.67 a

Water Use Efficiency 5.936±0.034 a 5.768±0.023 bc 5.776±0.043 b 5.616±0.073 d 5.678±0.061 cd

*Treatment means sharing the same letters is not significantly different.

Morphophysiological parameters

Growth

Plant growth was negatively impacted under water deficit 
alone or when it was combined with fungal inoculation (Table 
1). All well-watered seedlings resumed normal growth whether 
inoculated or not, while water-stressed and inoculated showed a 
significant reduction in plant growth (Table 1). Nevertheless, pre-
disposed seedlings showed better growth than those that were 
continuously stressed and inoculated.

Photosynthetic pigments

The pigment concentration varied substantially depending on 
the drought treatment and the water condition at the time of inoc-
ulation (Figure 5a & Table 1). Control plants showed healthy green 
leaves and thus exhibited high chlorophyll content followed by 
those inoculated and watered. Chlorophyll content was negative-
ly affected by drought alone in treatments combined with fungal 
inoculation. Lowered chlorophyll content caused low photosyn-
thetic activity and mortality of the seedlings toward the end, both 
in drought alone and when combined with fungal inoculation. 
Similar effects were observed on Chlorophyll a and Chlorophyll b 
contents (Figure 5b, 5c & Table 1) which were mainly affected in 

seedlings with water retention alone or in a combination of both 
stresses. Concerning carotenoids, all treatments had a significant 
effect as compared to control plants (Figure 5d & Table 1). 

Antioxidant enzyme assay

Water deficit alone or when combined with pathogen had sig-
nificantly affected POD activity (Table 1). Maximum POD activity 
was observed in seedlings stressed and inoculated as compared to 
control or inoculated and watered (Table 1). POD activity ranged 
from 3.0 - 4.84 as compared to 1.338 in control plants. On the con-
trary, water and fungal stresses had a significantly different effect 
on CAT activity as compared to POD (Table 1). High CAT expres-
sion was observed in seedlings that were predisposed to water 
deficit, followed by simultaneous and water deficit alone respec-
tively. Minimum CAT activity was observed in control seedlings in-
dicating CAT has a significant role in protecting cellular functions 
under stress/s. Changes in H2O2 content were significant after wa-
ter deficit and pathogen application. Water deficit alone or in com-
bination with C. fimbriata had a significant effect on H2O2 (Table 
1). Generally, treatments having high CAT expression showed low 
H2O2 content indicating both are negatively correlated and CAT has 
a significant role in protecting the cells from H2O2 damage.
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Figure 5: Effect of water deficit and C. fimbriata on chlorophyll content and carotenoid (a - d) in Dalbergia sissoo. Treatments sharing 
different letters are significantly (P ≤ 0.05) different.
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A maximum drop in water potential was observed in control 
seedlings that were deprived of water for two months. Seedlings 
inoculated after two weeks of water imposition showed signifi-
cantly lower negative water potential as compared to plants in-
oculated simultaneously to water stress imposition (Table 1). 
Similarly, we found a statistically significant difference in stomatal 
conductance (Table 1). All treatments with water stress alone or 
in combination with fungal inoculation showed a significant drop 
in stomatal conductance as compared to those watered respec-
tively (Table 1). With reduced stomatal conductance a minimum 
transpiration rate was observed in seedlings exposed to drought, 
predisposed, and simultaneous as compared to control seedlings 
respectively. The high photosynthetic rate was observed in seed-
lings with high water availability i.e. control and the lowest was 
observed for seedlings under constant drought stress. Similarly, 
low photosynthetic activity was observed in seedlings predis-
posed and inoculated with C. fimbriata, and high activity was ob-
served in seedlings watered x inoculated simultaneously (Table 
1). Drought stress seedlings exhibited the maximum amount of 
water use efficiency, followed by predisposed and seedlings inocu-
lated and stressed simultaneously (Table 1), this was comparable 
to control and seedlings inoculated and watered regularly.

Discussion 

This is the first study reporting the interaction between abiotic 
(water stress) and biotic factors (fungal inoculation) in Dalbergia 
sissoo susceptibility to dieback. The results indicated that chang-
es in morphophysiological parameters were mainly regarded due 
to water deprivation in association with fungal inoculations. Fur-
thermore, water-stressed plants showed susceptibility to fungi as 
compared to those which were watered normally. Lesion on plants 
inoculated after two weeks of water deprivation was larger than 
on those which were stressed and inoculated at the same time. 
However, a high mortality rate was observed in seedlings with 
simultaneous exposure to water and fungal stress. Seedlings in-
oculated and watered daily did not show dieback symptoms and 
lesion growth, thus indicating a positive association between 
drought and dieback. Diebacks and declines are diseases that are 
mainly caused by the predisposing effects of biotic and abiotic 
factors, resulting in the attack of secondary agents such as fun-
gi [38]. Drought is possibly considered to be the most important 
predisposing factor followed by the secondary action of facultative 
parasites common to the natural environment.

A very low dieback incidence in shisham was reported in Ab-
bassia plantation Mukhtar et al. [39] situated in the southernmost 
province of Punjab with a desert-like environment. The plantation 
water table is maintained by the canal running through the plan-
tation ensuring a continuous supply of water to the rhizosphere. 
These findings were supported by a field study on shisham in 
Haryana, Karnal Forest Division, where a high rate of dieback was 
observed in coupes where irrigation was stopped as compared to 
those which were normally irrigated and did not show any die-
back symptoms [40], thus affirming again the role of water stress 

in causing dieback in shisham. Abiotic variables have been shown 
to have a role in producing Neofusicoccum eucalyptorum sensitiv-
ity to Eucalyptus globulus dieback in many different tree species, 
including eucalypts [24]. The findings suggested that plants that 
were already water-stressed (predisposition) were more suscep-
tible to N. eucalyptorum infection than non-stressed plants.

Shisham dieback reached its epidemic form in 1998 in Paki-
stan [39]. A look into the meteorological data strongly associat-
ed this epidemic with six years of extreme drought which started 
in 1995 and ended in 2001 (Figure 2). This period was also re-
ferred to as El Nino and it has negatively impacted tree species 
globally. The amount of rainfall received during these years was 
370 mm in 1995 which reached to a low level of 197 mm in 2000 
respectively (Figure 2). A survey carried out of different ecologi-
cal zones of the Punjab, Pakistan, during 2005 - 2009, reported a 
very high dieback incidence in 2005 ranging from 6.6 to 50 per-
cent and a follow-up survey of the same zones in 2009 revealed a 
marked reduction in the disease intensity that ranged from 2.2 to 
8.3 percent respectively [39]. The severity and decline in dieback 
explained can be associated with a three years-long drought that 
started in 2003 and ended in 2005 (Figure 2) [39]. Another study 
on the cause of tree dieback suggested that extreme climatic fluc-
tuation plays an important role in forest dieback [41]. With few 
exceptions, water stress has been implicated as a primary factor 
in all major diebacks. Extreme weather events such as flooding, 
heavy rains, drought, and wet/dry oscillations have been related 
to the onset of Eucalyptus diebacks in Australia (White 1968). Cli-
matic fluctuations particularly those in rainfall were the primary 
cause of forest diebacks in Australia (White 1968). Extreme fluc-
tuations in moisture such as waterlogging and flooding have also 
been reported to be responsible for a high incidence of dieback 
in shisham [42-46]. Generally, D. sissoo develops an extensive tap-
root system at an early age, allowing the trees to obtain moisture 
from the subsoil and thus flourish under semiarid conditions. The 
taproot may partially die or may grow to a greater diameter than 
the bole. However, sissoo has a more elaborate lateral root system 
that spreads for long distances from the tree. Waterlogging, flood-
ing, semi-flooding, and drought may cause damage or mortality 
to the roots thus exposing them to secondary fungal pathogens. 
Intermittent droughts would increase the root decaying process 
in sissoo exacerbating the dieback. Waterlogging caused 73.1 per-
cent of the disease, while high irrigation caused 13.8 percent of 
the disease, similarly, flooding, semi-flooding, degraded soil, un-
cared ploughing, high density, and moisture resulted in 27.4, 52.1, 
27.6, 30.2, and 41.1 percent incidence, respectively [46].

Abiotic stress changes the physiological status of plants mak-
ing them favorable to pathogens or diseases [23]. It has been ob-
served that water stress on woody plants makes them more sus-
ceptible to fungi [47,48]. Similarly, the effect of a latent pathogen 
Diplodia sapinea was reported to be more aggressive under water 
stress to red pines, and its incidence in the Quercus robur [49]. 
Eucalyptus grandis seedlings when inoculated under water stress, 
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reported the appearance of lesions and necrosis after one week 
of inoculation, and canker development was induced after three 
weeks of inoculation [50]. The present study results are in concur-
rence with that, as C. fimbriata showed more lesion growth under 
drought stress as compared to watered plants under infection. 
These findings established the idea that abiotic factors may be the 
primary cause of sissoo dieback which is followed by the attack by 
secondary agents such as facultative fungal agents. Availability of 
water or avoiding flooding may help sissoo withstand secondary 
attacks by fungi and resume normal growth by avoiding damage 
to its roots. Predisposition factors such as waterlogging and ex-
tended periods of drought would weaken its defense mechanism 
against later stress [51].

When plants were inoculated and stressed at the same time, 
there was a significant difference in morphophysiological status 
compared to plants that were predisposed and inoculated sep-
arately. The influence of water stress timing and shisham phys-
iological status on pathogen infection susceptibility can be seen 
in the high lesion growth, plant growth rate, and biochemical re-
sponse. Many previous studies have found that pathogens cause 
more damage to stressed weakened plants [47,48]. After the 
morphophysiological level, it was observed that water stress was 
the major factor that most impacted plant performance, with dif-
ferent degrees of intensity depending on the treatment applied. 
Drought alone and drought x pathogen stress significantly affect 
photosynthetic parameters. Stomatal conductance decreased in 
all the treatments except the well-watered sissoo plants. The re-
duced photosynthesis rate observed seemed to be due to reduced 
stomatal conductance or due to inhibition of metabolic phenom-
enon [52-55]. The earliest response of plants to drought stress is 
stomatal closure for drought-induced suppression, as the CO2 dif-
fusion into the leaves decreases due to stomatal closure and thus 
results in decreased photosynthesis [52]. Under normal growth 
conditions, plants direct their energy to cellular maintenance, 
growth, defense, and reproduction. However, plants going under 
stressful conditions such as fungal attacks or water stress need 
to balance energy production and plant defense to survive under 
these stressful conditions [17,56]. Thus transferring energy re-
sources from growth to defense results in a reduction of photosyn-
thetic activity, which is a general consequence of pathogen attack 
[56]. Our results here support this trade-off strategy (low plant 
growth and decrease in photosynthetic activity, low chlorophyll 
pigments). Similarly, the effect of drought on the physiology of D. 
latifolia, and D. sissoo suggested that stomatal closure is the main 
cause of drought-induced suppression in photosynthesis [54]. 
The effect on the rate of photosynthesis in both species under 
drought stress was due to both stomatal and non-stomatal lim-
itations and photo-inhibition might have played some role in this 
decline. Similarly, a physiological comparison between healthy 
and dieback-affected shisham trees revealed that diseased tree 
leaves were damaged due to some stress factors. Gas exchange at-
tributes remarkably differed in pre- and post-drought inoculated 
seedlings compared to the well-watered seedlings. This showed 

that the photosynthesis rate decreased under water stress due to 
the stomatal closure. Stomatal closure could be occurred due to 
the direct effect of water deficit or due to blockage of the xylem 
caused by fungal mycelium.

There was a marked decrease in total chlorophyll content, 
chlorophyll a & b, and carotenoids in sissoo when subjected to 
drought and pathogen inoculation. A maximum decrease observed 
might be due to a lower rate of synthesis and rate of breakdown in 
plant systems [52,57]. The other reason could be excessive dam-
age to chloroplast which might be responsible for the reduction in 
chlorophyll and carotenoids (Mitra 1998). It appears that drought 
alone or drought x pathogen inhibits the biosynthesis of chloro-
phyll and carotenoids that break down the pigments leading to the 
reduction in their content thereby affecting the photosynthetic ac-
tivity.

Higher leaf water potential values may be associated with 
decreased photosynthesis, decreased stomatal conductivity, and 
transpiration to limit water loss, or with physical changes in 
pathogen-induced plant cell wall components [17]. The low wa-
ter potential observed upon inoculation in predisposed shisham 
plants may be favorable for fungal colonization. Botryosphaeria 
dothidea colonization capacity increased with decreasing water 
potential because host stem lesions appeared only when plant wa-
ter potential was low (-1.2 to -1.3 MPa) [59].

The study of plant-pathogen interactions is a dynamic process 
in which two species, the host, and the pathogen, compete to over-
come each other’s protective barriers. Plants can detect and acti-
vate defensive systems even when they are a significant distance 
away from the pathogen inoculation site [60,61]. The activation 
of ROS, which causes redox imbalance and oxidative stress and is 
poisonous to the attacker but may impede the normal cell func-
tion of host cells, is one of the first lines of defense against biotic 
and abiotic stress [62,63]. Similarly, fungal pathogens cause the 
release of antioxidant enzymes such as catalase and peroxidase 
as a pathogenicity mechanism [38]. Decreased H2O2 in plants in-
oculated during water deprivation was observed because of the 
development of antioxidant enzymes such as CAT by the ROS scav-
enge fungus, thus increasing its colonization success. Sherwood et 
al. [48] proposed that drought induces accumulation of hydrogen 
peroxide (H2O2) in Austrian pine (Pinus nigra) shoots which is tox-
ic for fungi, but canker pathogen D. sapinea causes a substantial 
reduction in H2O2levels in water-deprived plants. The same phe-
nomenon was observed during the in vitro application of H2O2, in 
which the fungus reacted to this high level of oxidative stress by 
increasing the development of catalase and peroxidase, leading to 
significant degradation of H2O2 [48].

The enhanced production of the CAT in the fungal and wa-
ter-stressed plants showed the natural defense response of the 
plant. In plants the CAT is a major harmful oxygen species scav-
enging enzyme, it decomposes the H2O2 during oxidative stress 
and thus maintains the redox balance [49]. Peroxidase (POD) is 
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frequently associated with plant defense mechanisms against 
pathogens. A very low level of POD was observed in normal plants 
as compared to those exposed to drought or predisposed inocu-
lated seedlings. The main function of POD in plants is to extract 
H2O2from the tissues and contribute to the development of pheno-
lic compounds, e.g., lignin [25,64]. POD is also responsible for the 
formation of intermolecular bonds during the organization of the 
cell wall at pathogen-infected sites [48,56]. Peroxidase often par-
ticipates in the synthesis of ethylene, the concentration of which 
also increases in the pathogenesis phase and enhances its activity 
following a pathogen attack [25,65-70]. The tolerance of plants 
to ROS in response to drought stress involves the adaptation of 
several complex and manifold mechanisms, such as the enzymatic 
antioxidant system [19,57]. These include a substantial increase 
in the activity of these expressed enzymes shown in the argan 
tree (Argania spinose) under drought stress conditions, suggest-
ing their function as an efficient antioxidant defense line against 
oxidative damage caused by ROS [57, 71-80]. Activation of ROS 
enzymes tends to be well associated with the degree and sever-
ity of stress. Drought stress increased the activity of antioxidants 
such as CAT and SOD [46]. Both enzymes are the most essential 
components of ROS protection systems. Most studies documented 
differential responses of antioxidant and antioxidant metabolites 
to drought stress in some plant species [25,29, 81-90]. 

Conclusion

Dalbergia sissoo is a tropical species that originated in the val-
leys of the Himalayan foothills of Indo - Pak subcontinent. These 
valleys are characterized by high rainfalls, riverine habitats, and 
low flooding. River Sindh and the water table in general are fed by 
fresh water from rain or melting snow. D. sissoo populations thus 
evolved under high water regimens, low flooding, and low salinity. 
D. sissoo was introduced to semi-arid regions of Pakistan which 
received very low rainfall annually. Moreover, D. sissoo was mainly 
planted along the roadsides, canal banks, farmer fields, or in plan-
tations. These plantation sites heavily depend on rainfall for their 
water needs. Disease surveys reported high dieback incidences 
along the roadsides, and canal banks and the lowest on farmer 
fields. Dieback incidence was severe on canal sides used for trans-
portation that cause soil compaction thus limiting water supply or 
root approach to canal water. A similar situation was observed on 
roadsides where water tables would be lowered under extreme 
drought conditions. D. sissoo trees planted on watercourses were 
mainly infected with dieback due to root damage caused by ex-
posure to water in a situation like waterlogging. D. sissoo dieback 
cases were severe in those plantations with limited water supply 
as compared to those had a constant supply of water that ensures 
high water table. The period that saw the dieback epidemic was 
mainly marked by low rainfall and high temperature that lasted 
for almost six years. This prolonged drought severity caused low 
rainfalls that resulted in the lowering of water tables and sim-
ilarly, canals also faced water shortages to supply water to the 
plantations. This prolonged water shortage caused severe dam-
age to the D. sissoo external and internal structure, caused energy 

imbalance due to low photosynthetic activity, reduced immunity, 
restricted growth, attracted secondary pathogens such as fungi 
that caused serious damage at the cellular level, and finally, insect 
pests burrow in the damaged softwood result into tree mortality. 
However, when drought conditions were receded many D. sissoo 
plants which were showing early or advanced dieback symptoms 
recovered and resumed normal growth. Based on these field ob-
servations and knowledge we have first time demonstrated that 
prolonged water deficit is the main cause of shisham dieback, fun-
gi and insects then follow the infections if drought conditions are 
dragged on. Our findings, therefore, emphasize the importance of 
understanding the relationship between biotic and abiotic factors 
on D. sissoo productivity, especially considering the current cli-
mate-change scenario, which predicts an increase in both drought 
stress and pathogen attack. Water deficit causes changes at the 
physiological and biochemical levels reducing energy levels thus 
compromising plants’ ability to grow and combat external chal-
lenges. It is therefore important to develop strategies to ensure 
water supply during through water conservation or to develop 
genotypes that can tolerate drought through efficient utilization 
of available water resources.
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