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ABSTRACT  
  

Two open field experiments have been conducted to study the capability of the mutualistic 
fungus Piriformospra indica to improve tomato growth and production under water stress conditions. 
Tomato (Solanum lycopersicon cv. ‘Super Strain B’) were grown in sandy soil and subject to dual 
levels of drip irrigation water, 100 and 50% of water field capacity, in 2016 and 2017 growing 
seasons in sandy soil at Abu Ghalib district, Giza, Egypt. Results showed that P. indica colonization 
improved tomato growth, leaf gas exchanges parameters, chlorophyll, total yield and its components 
under both levels of irrigation water. Colonisation by P. indica significantly increased the content of 
leaf proline, antioxidant enzymes superoxide dismutase(SOD), peroxidase (POD) and catalase (CAT) 
compare to other treatments. In contrast, the maximum abscisic acid (ABA) concentration either in 
leaves or roots was achieved in tomato plants exposed to water stress, while colonizing water stressed 
plants with P. indica caused significant decreases in ABA content if compared to non-colonized 
plants. These enhancements in morphological and physiological parameters of water stressed plants 
because of P. indica inoculation led to improve tomato yield components. Over the two growing 
seasons, better total yield was obtained with colonized tomato plants in normal or stress conditions. 
Also, P. indica colonization resulted 20 and 45% increase in number of fruits than non-colonized 
plants under control and water stress conditions. Finally, it could be concluded that P. indica  might 
play a vital role in increase tomato tolerance to water stress in arid and semi arid regions. 
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Introduction 
  

Abiotic stress resulting from water shortage, global climate changes and pollution are among 
the greatest environmental problems worldwide (Pimentel et al. 2004). In order to develop sustainable 
strategies to maintain good crop production, it is important to understand the regulatory mechanisms 
that control and enhance adaptive responses to stress in different plant species (Osakabe et al ., 2014). 
So that, drought is one of the most important abiotic stresses that strongly reduces tomato growth and 
production (Sánchez-Rodr'ıguez et al., 2010). Water stress impairs cell photosynthesis through 
chlorophyll deterioration, and disruption the reaction of electron transfer (Liu et al., 2018) as well as 
causes significant reduction in crop yield and quality (Verslues et al., 2006 and Tamburino et al., 
2017). Plant strategies to survive with water scarcity normally include a combination of adaptive 
changes, stress avoidance and tolerance that associated with genotypes. These responses are including 
promotion of root elongation through soil layers, stomatal closure partially to reduce the water losses 
(Chaves et al., 2002). In addition, modification of cell carbon metabolism may contribute to the 
preservation of osmotic pressure through photosynthetic cells by increasing the nitrate concentration 
and decreasing carbohydrate distributes to inhibit shoot growth (Gorska et al., 2008). Usually, water 
scarcity donates to solute accumulation for osmotic modification (Osório et al., 1998). Additionally, 
size and thickness of leaves are assisted the plants to coped well against environmental stresses in 
most arid regions. Such leaf anatomy permits the highest carbon acquisition over transpiration losses 
either under hot and dry conditions (Chaves et al., 2002). Furthermore, water deficit induces 
generation of reactive oxygen species (ROS) that cause oxidative damage to primary metabolites, i.e. 
lipids, protein and carbohydrates (Bhattacharyya et al., 2012).  In biochemical level, antioxidant 
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enzymes such as catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), glutathione 
reductase (GR) significantly upgraded in plants that exposed to water stress to reduce oxidative 
damage of cell components (Jiang and Zhang 2002; Li et al., 2011 and Hosseini et al., 2017 and 
Nahar et al., 2018). Several trials have been performed to promote tolerance of susceptible cultivars 
against drought by foliar application of synthetic defense hormones like Gibberellic acid and 
Cytokinin (Hayat et al., 2008 and Akter et al., 2014), grafting utilization (Chen et al., 2018 and Han et 
al., 2018), macro and micronutrients (Li et al., 2018 and Abdelaziz and Taha, 2018), and exploitation 
of beneficial microorganisms (Bardi and Malusa 2012; Curá et al., 2017 and Saddique et al., 2018).  

In natural ecosystems, a numerous of symbiotic microorganisms found to enhance plant growth 
under abiotic and biotic stresses (Arshad et al., 2008; Ruamps et al., 2011; Grover et al., 2011; Ali et 
al., 2014 and De Souza et al., 2015). The root endophytic fungus Piriformospora indica, 
Sebacinaceae, was originally discovered in the Indian Thar desert in northwest Rajasthan (Verma et 
al.,1998).  P. indica colonizes roots of a broad range of plants (Gill et al., 2016), promotes plant 
growth (Franken et al., 2012), induces local and systemic resistance to biotic and to abiotic stress and 
altering different physiological properties (Yang et al., 2009; Bajaj 2015; Hui et al., 2015; Hosseini 
and Mosaddeghi, 2017; Abdelaziz et al., 2017; Nanda and Agrawal, 2018; Jisha et al., 2018 and 
Khalid et al., 2018). Chinese cabbage inoculated with P. indica confers drought tolerance by 
stimulating antioxidant enzymes in leaves (Sun et al., 2010).  Moreover, Xu et al., (2017) indicated 
that colonizing Zea mays with the fungus could promote shoot and root growth under both normal and 
drought stress conditions. In rice, P. indica improved colonized seedlings growth, biomass, the total 
antioxidant capacity in leaves and the production of proline under osmotic stress (Saddique et al., 
2018). 

The goal of this work is to explore the ability of the colonized tomato with P. indic, to alleviate 
the adverse effects of water stress by evaluating growth performance, photosynthetic activity and 
antioxidant enzymes and its impact on yield productivity, under Egyptian open field condition . 
 

Materials and Methods 
 

Two open field experiments were carried out in sandy soil at Abu Ghalib district (Lat.: 
29°:51':08.33 "N, Long.: 31°:14':24.11"E), Giza, Egypt in 2016 and 2017, with 25.3% water field 
capacity and 10% wilting point for the sandy soil.  
 
Experimental design  
 

Each experiment included four treatments, (A) control (CT), 100% of water field capacity, (B) 
P. indica inoculation with 100% of water field capacity, (C) Water stress (WS), 50% of water field 
capacity and (D) PI + WS. Treatments were arranged in a randomize complete block design with four 
replicates, with 2.5 plants per square meter. 
 
Plant cultivation  
 

Seedlings of tomato (Solanum lycopersicon) cultivar "Super strain B" were daily irrigated by 
drip irrigation system for 1 week after transplanting, then the amount of daily-applied water was 
reduced to 50% for water stress application for thirty days. All cultivation rocess and fertilization 
requierments were applied as recommended.  
 
Piriformospora indica  preparation and inoculation 
 

Piriformospora indica  was grown on PDA plates for two weeks. A hyphal desk was transferred 
in 250 mL flasks with liquid KM media (Hill and Käfer, 2001). The Plats were incubated for three 
weeks in the dark at 26°C with 120 rpm on rotary shaker. This liquid fungal culture was blended to 
obtain a mixture. Afterwards, seedlings were immersed in this liquid suspension of 3% P. indica 
(hyphae and spores) for 20 minutes and placed directly in soil. Control seedling received the same 
amount of autoclaved (121 ˚C for 20 minutes) P. indica suspension (mock treatment). Three days 
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after transplanting, seedlings were supplied with 10 ml of P. indica suspension (3%) to grantee 
inoculation. 

 
Plant growth and yield  
 

Four weeks after water stress application, seven plants from each treatment were selected 
randomly to determine plant height, fresh and dry biomasses of tomato shoots. Total fruits number per 
square meter; and average fruit weight were calculated. Mature fruits were gradually harvested and 
weighed till the end of the experiment and considered as total yield. 

 
Leaf gas changes parameters and chlorophyll content  
 

Fifth leaf from top was selected to measure the photosynthetic parameters (internal CO2 
concentration, stomatal conductance, rates of photosynthetic and transpiration) using LI-COR 6400 
portable photosynthesis system (LI-COR, Lincoln, NE, USA). Total chlorophyll content was 
estimated in fresh leaves using chlorophyll meter (SPAD-502, Konica Minolta Sensing Inc. Japan). 

 
Antioxidant enzymes  
  

One gram of fresh leaf was homogenized in potassium phosphate buffer (5 mL of 100 mM, pH 
7.0) containing 0.5 % triton X-100, 2 % (w/v) N-Vinylpyrrolidinone, 5 mM Ethylene diaminete 
traacetic acid disodium salt dehydrate and 1mM ascorbic acid (Polle et al., 1994). Mixed substrates 
were centrifuged at 12 000×g for 20 min at cold condition (4 °C) and the supernatants used to 
estimate the activity of superoxide dismutase (SOD, EC 1.15.1.1) according to Beauchamp and 
Fridovich (1971); catalase (CAT, EC 1.11.1.6) by Aebi (1984) and ascorbate peroxidase (POX) by 
Nakano and Asada (1981). 
 
Proline content  
 

The proline content in fresh tomato leaves was estimated by colorimetric procedure according 
to Claussen (2005) method. Half-gram of fresh leaves were ground with 4 ml of 3% sulphosalicylic 
acid. Then, equal volume of ninhydrin solution was added and heated at 100ºC for 1 hour. The 
reaction was arrested in an iced bath and cromophore was extracted with 4 ml toluene. The 
absorbance of toluene layer was read on spectrophotometer (Helios UVG1702E, England) at 
wavelength 528 nm. 
 
Absciscic acid determination (ABA) 
 

Freeze-dried leaves were ground to a fine powder in laboratory blender. The fine leaves were 
washed three times with 80% methanol and butylated hydroxy toluene at 4oC in darkness. The extract 
was centrifuged at 4000 rpm. The supernatant was transferred into flasks wrapped with aluminum foil 
and the residue was twice extracted again. The aqueous extract was adjusted to pH 8.6 and extracted 
three times with an equal volume of pure ethyl acetate. The combined alkaline ethyl acetate extract 
was dehydrated over anhydrous sodium sulphate then filtered. The filtrate was evaporated to dryness 
under vacuum at 35oC and re-dissolved in 1 ml absolute methanol. The remaining aqueous extract 
was acidified (pH 2.6) and extracted as previously described by ethyl acetate. The methanol extract 
was used after methylation according to Fales and Jaouni (1973) for determination of abscisic acid 
(ABA). The quantification of the endogenous ABA was carried out with Ati-Unicum gas-liquid 
chromatography, 610 Series, equipped with flame ionization detector according to the method 
described by Vogel (1975).  
 
Statistical analysis 
 
  Data were subjected to the combined analysis in order to compare the impacts of water stress 
and P. indica colonization. Significant differences among the treatments were analyzed using Two-
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way analysis of variance (ANOVA) with Tukey test (P ≤0.05) using software Statistica 7 (model 
2004, USA). Bars represent standard errors. 

             
Results  
 
Growth parameters 
 

Water stress induced a significant reduction in plant height; shoot fresh and dry biomass of 
tomato plants in the two growing seasons (Fig. 1). Colonizing water stressed plants with P. indica 
improved significantly these morphological traits than non-colonized plants. Similar enhancement 
was observed when tomato colonized with P. indica under normal conditions (Fig. 1 A-C). This trend 
was observed in the two seasons, mainly in the second one. However, analysis of variance of the two 
growing seasons did not show significant differences between treatments and growing seasons factors 
(Tab. 1) in term of plant height for P. indica colonized plants if compared to control under well 
irrigation treatment (Fig. 1 A). In this respect, it could be suggested that P. indica colonization 
improved tomato growth performance under water stress conditions.  

 

 

Fig. 1:  Plant height (A), shoot dry weight (B) and root dry weight (C) in tomato plants inoculated with P. 
indica at 30 days post water stress treatments. Colum with same letter (s) are not significantly different 
according to Tukey test (P ≤ 0.05). Vertical bar shows ±SE and treatments are separated by different letters. 
CT= control, PI= P. indica, WS= water stress, PI+WS = P. indica + water stress.  
 

Table 1: Analysis of variance (mean square) of tomato growth parameters  
    Source df Plant height Fresh weight Dry weight 
Season(S) 1 280.96*** 1443.21*** 14.045*** 
Treatment(T) 3 481.037*** 8791.58*** 140.95*** 
S XT 3 12.80 113.78** 1.17** 

*, **, *** Significant at P ≤ 0.05, P ≤ 0.01, or P ≤ 0.001 analysis of variance. 

Chlorophyll content and leaf gas exchange parameters 
 

P. indica colonization significantly improved the total estimated chlorophyll (SPAD) and leaf 
gas exchange parameters [net photosynthesis rate (Pn) stomatal conductance (Gs), internal carbon 
dioxide concentration (Ci) and transpiration rate (Tr)] in leaves of tomato plants under both normal 
and water stress conditions (Fig. 2). In contrast, water stress caused a dramatic significant reduction in 
these traits with non-colonized plants. P. indica colonization alleviated the adverse impact of water 
shortage on chlorophyll content and leaf gas exchange parameters of stressed tomato plant. Analysis 
of variance indicated that stomatal conductance (Gs) was affected by treatment, growing season 
factors and their interaction (Tab. 2), while no differences were observed between other traits (Fig. 2 
E). 
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Fig. 2: Chlorophyll and photosynthetic parameters in tomato plants inoculated with P. indica under 30 days of 
post water stress. SPAD = total estimated chlorophyll (A), Pn = net photosynthesis rate (B), Gs = stomatal 
conductance (C), Ci = internal carbon dioxide( D), Tr = transpiration rate(E). Colum with same letter (s) are not 
significantly different according to Tukey test (P ≤ 0.05). Vertical barshows ±SE and treatments are separated 
by different letters. CT = control, PI = P. indica, WS = water stress, PI+WS = P. indica + water stress.  
 
Table 2: Analysis of variance (mean square) for SPAD and leaf photosynthetic parameters in tomato 

leaves 
Source df SPAD Pn Gs Ci Tr 
Season(S) 1 126.042*** 22.92*** 0.002124*** 44548.17*** 0.1926 
Treatment(T) 3 385.59*** 31.47*** 0.0099*** 88192.06** 4.587* 
S XT 3 20.82 0.032 0.00007* 18.722 0.0065 

*, **, *** Significant at P ≤ 0.05, P ≤ 0.01, or P ≤ 0.001 analysis of variance. 

Proline and antioxdian enzymes 
  

Data in Fig. 3. Show that proline was significantly elevated in fresh tomato leaves when 
plants subject to water stress. Notably, significant reduction in proline content was observed in P. 
indica colonized plant under water stress. However, P. indicia colonization did not affect proline 
content in normal condition. In this respect, it might be conclude that P. indica colonization improved 
tomato under water stress condition that motivated plants to produce lower proline than non-colonized 
plants. Water stress alters the plant defense system to produce more antioxidant enzymes scavengers 
to overcome tissues dehydration. Interestingly, levels of peroxidase (POD), catalase (CAT), 
superoxide-dismutase (SOD) were increased significantly in leaves of colonized plants than non-
colonized under water stress. Proline concentration in the first season was lower than the second one 
(Fig 3.A). While, antioxidant enzymes were affected by treatments and growing  factors (Tab. 3). 

 
Abscisic acid concentration (ABA) 
 

Water stress significantly increased ABA concentration in leaves and roots of tomato plants (p 
≤ 0.05, Fig. 4A,B). This increase in ABA concentration was reduced up to 24% in shoot and 33% in 
roots of P. indica colonized plants than non-colonized under water stress condition. In normal 
condition, no significant differences were noted between P. indica and non-colonized plants in term 
of ABA concentration. However, ANOVA analysis showed that only the treatments factor that 
influenced ABA concentration in leaf and root (Tab. 4). Values of ABA in the first growing season 
were lower than the second one, with the same trand for the second season. 
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Fig. 3:  Proline and antioxidant enzymes activities in tomato plants inoculated with P. indica at 30 days post 
water stress. Prolin content (A), CAT = catalase (B), POD = peroxidase (C), SOD = superoxide-dismutase (D). 
Colum with same letter (s) are not significantly different according to Tukey test (P ≤ 0.05).  Vertical bar shows 
±SE and treatments are separated by different letters. CT= control, PI = P. indica, WS = water stress, PI+WS = 
P. indica + water stress.   

 
Table 3: Analysis of variance (mean square) for proline and photosynthetic parameters in tomato 

leaves 
Source df Proline (µg/g) SOD POD CAT 
Season(S) 1 8195.75* 8.520*** 8.44*** 9.63*** 
Treatment(T) 3 184074.72*** 9.58*** 7.35*** 39.8*** 
S XT 3 8981.64** 0.0104 0.0115 0.032 

*, **, *** Significant at P ≤ 0.05, P ≤ 0.01, or P ≤ 0.001 analysis of variance. 
 

 
 Fig. 4:  ABA content in  leaves  (A) and roots  (B) of tomato plants inoculated  with P. indica at 30 days post 
water stress. Colum with same letter (s) are not significantly different according to Tukey test (P ≤ 0.05). 
Vertical bar shows ±SE and treatments are separated by different letters. CT = control, PI = P. indica, WS = 
water stress, PI+WS = P. indica + water stress.  
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Table 4: Analysis of variance (mean square) of ABA content in leaves and roots of tomato and its 
yield component. 

Source df Leaf ABA Root ABA Total yield 
Fruit fresh 

weight 
No. of 
fruits 

Season(S) 1 0.00031 0.000012 5190069.67*** 783.7* 126.52** 
Treatment(T) 3 0.004568** 0.004568*** 214111.98*** 5419.81*** 472.61*** 
S XT 3 0.00025 0.000001 40610.51** 8.65 7.468 

*, **, *** Significant at P ≤ 0.05, P ≤ 0.01, or P ≤ 0.001 analysis of variance. 

 
Total Yield and yield components 
 

Notably, water deficit and P. indica colonization significantly effected tomato fruit quantity 
and quality (Fig. 5). Results show that water stress significantly diminished the average fruit weight, 
whereas P. indica inoculation significantly improved total yield and number of fruits under stress and 
non-stress conditions. Over the two growing seasons, better total yield was obtained with colonized 
tomato plants in normal or stress conditions (Fig. 5A,C). The fungus inoculation  did not improve 
average fruit weight, while opposite trend was observed under stress condition (Fig. 5B). Analysis of 
variance proved that total yield was affected by treatments, growing season factors and their 
interaction (Tab. 4). Obviously, total yield in the second season was higher than the first one. An 
overall trend is visible that P. indica  fungus promote an increase in total yield and number of fruits 
even in normal or shortage water.   

 

 
 Fig. 5: Total yield  (A), fruit weight  (B) and  number of fruits (C) of tomato plants inoculated with P. indica at 
30 days post water stress. Colum with same letter (s) are not significantly different according to Tukey test (P ≤ 
0.05). Vertical bar shows ±SE and treatments are separated by different letters. CT = control, PI = P. indica, WS 
= water stress, PI+WS = P. indica + water stress. 

 

Discussion 
 

Drought stress is one of the most harmful environmental stresses that reduce agriculture 
production in arid and semi-arid regions. In consequence, water shortage affects deleteriously plant 
metabolism, photosynthesis and plant biomass (Hosseini et al., 2017). In this study, our data confirm 
that water stress caused significant decrease in plant height (30, 21.6%), fresh shoot (25.5, 26.2%) and 
dry shoot biomass (32.4, 30.3%) than control in the first and second seasons, respectively. These 
results could be explained based on fact that water stress obstructs nutrient uptake (Zain et al. 2014), 
reduces chlorophyll content and interrupts plant photosynthetic efficacy (Swapna and Shylaraj 2017 
and Korres et al. 2017). However, similar reports have been confirmed our results with different 
vegetable crops like cucumber (Wang et al., 2012), pepper (Okunlola et al., 2017) and melon (Dasgan 
et al., 2015). Notably, P. indica colonization led to improve plant growth performance under water 
stress condition than non-colonized plants (Fig. 1). Numerous studies have been highlighted that P. 
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indica caused significant increase in morphological traits either under normal or water stress 
conditions than non-colonized plants (Abdelaziz et al., 2017; Ahmadvand and Hajinia 2018 and 
Saddique et al., 2018). Therfore, we characterized the phenotypic changes of tomato seedlings when 
colonized with P. indica under drought stress such as the promotion improve in chlorophyll content, 
photosynthetic traits, plant growth performance and biomasses that consequently lead to improve an 
overall total yield eventually, under normal and abiotic stressed conditions (Gill et al., 2016). 

The mechanisms by how P. indica stimulates plant growth under sever abiotic stress 
condition still un-clear. To explain our findings, several physiological and chemical parameters were 
measured. The obtained results show that content of the estimated chlorophyll was 20% higher when 
P. indica colonized root of tomato plants in normal condition than non-colonized plants. In contrast, 
water stress decreased dramatically chlorophyll content in tomato leaves (Fig.2A). In this respect, it 
could be suggested that P. indica colonization alleviated the adverse impact of drought on chlorophyll 
content of water stressed plant. In the same time, our data indicate that colonized plants with P. indica 
presented better values of the leaf gas exchange parameters (Net photosynthesis rate (Pn), stomatal 
conductance (Gs), internal carbon dioxide concentration (Ci) and transpiration rate (Tr)) either in 
control or under water stress conditions (p ≤ 0.01, Fig. 2B,C,D). In this respect, it could be concluded 
that P. indica colonization altered these photosynthetic parameters to improve photosynthetic 
pigments, photosystem II activity and water use efficiency under water stress condition (Singh and 
Usha 2003 and Yang et al. 2014). These conclusion is in harmony with Saddique et al., and Ghorbani 
et al., (2018) whome reported that P. indica alleviated the destructive effects of osmotic stress in rice 
and tomato by increasing the chlorophyll fluorescence, proline and improved the total antioxidant 
capacity in leaves. Moreover, water stress promotes enhanced production of Reactive Oxygen Species 
(ROS) and other free radicals that damage DNA, proteins and lipids (Vasconcelos et al., 2009). In 
wheat, P. indica inoculation demonstrated better vegetative growth, minimal levels of hydrogen 
peroxide, higher levels of antioxidant enzymes and leaf chlorophyll at various moisture levels 
(Yaghoubian et al., 2014 and Xu et al., 2017). Therefore, plant has evolved complex defense 
mechanisms against these toxic compounds (Sharma et al., 2012). In connection, Foyer and Noctor 
(2002) mentioned that tomato plants exposed to water stress induced the active of antioxidant 
enzymes to reduce oxidative damages for different cellular components resulted of reactive oxygen 
species generating. We speculate that elevated antioxidant levels could be one reason for the spotted 
better survival of tomato plants after fungus colonization . 

In the current study, the antioxidant defense systems were analyzed to elucidate if P. indica 
mediates drought tolerance in colonized plants. Here, we show that water stress motivated tomato to 
alter free proline accumulation in plant leaves against water stress (Verslues and Sharma 2010 and 
Mwenye et al., 2016). As shown in Fig. 3, P. indica colonization significantly induced tomato to 
accumulate more proline in leaves than non-colonized plants. Proline stabilizes membranes, maintains 
the conformation of proteins and acts as water substitute through hydrophilic interactions and 
hydrogen bonding (Efeoglu et al., 2009 and Fahramand et al., 2014). By consequence, it increases the 
maximum quantum yield of PSII (Fv/Fm) (Vahabi et al., 2016 and Shahabivand et al., 2017). In 
addition, the major enzymatic antioxidant (CAT, POD, SOD) tended to increase in tomato leaves 
upon water stress as shown in Fig. 3. In context, tomato plants exposed to water stress used to induce 
antioxidant enzymes to reduce oxidative damages for different cellular components resulted of 
reactive oxygen species generating (Foyer and Noctor 2002). Interestingly, P. indica colonization 
induced tomato leaves to produce more concentrations of those antioxidant enzymes under water 
stress than non-colonized plants. These finding are in agreement with Ghabooli et al., (2013) in 
barley, Saddique et al., (2018) in rice and Xu et al., (2017) in Maize whom found that P. indica 
increased concentration of antioxidant enzymes under drought condition.  

Regarding to ABA content, data in Fig.4 show that ABA increased with water stress in shoot 
and roots of tomato plants. Many workers reported that ABA is the key hormone that involved in 
drought stress tolerance. Abscisic acid plays a vital role in stomatal closure by reducing the turgor of 
guard cells under water deficit (An et al., 2008). ABA content s in stressed plants was significantly 
higher than non-inoculated stressed plants. This observation suggested that the P. indica improved 
plant status under water stress that altered plant defense system to reduce ABA in tomato organs. 
Concerning the impact of P. indica colonization on tomato yield under water stress condition, three-
fold increase was observed in weight of fruits resulted from colonized plants under water stress 

http://www.bioone.org/doi/abs/10.1071/CP17364
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condition if compared to non-colonized plants. Also, P. indica colonization resulted 20 and 45% 
increase in number of fruits than non-colonized plants under control and water stress condition. These 
finding show that P. indica is able to improve tomato productivity under drought by enhancing water 
stress tolerance. Here we conclude that P. indica could play a vital role to protect crop performance 
and production under arid and semi-arid zones.  
 
Conclusion 
 

This study confirms that P. indica colonization significantly affects morphological and 
physiological traits of colonized tomato under water stress condition that non-colonized. These 
findings indicate that P. indica could be used as a useful tool to reduce water shortage in arid and 
semiarid regions. Meanwhile, application of P. indica could be an effective tool to improve tomato 
production in arid and semi arid regions that suffer from water shortage. 
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