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Abstract: Two pot experiments under greenhouse conditions were conducted during the season of 2012 and
2013 to investigate the effect of foliar application by -tocopherol (Toc) at (50 and 100 ppm) and putrescine
(Put) at (0.1 and 0.2 mM) on tomato plants subjected to water deficit, TMV individually and their simultaneous
combination. The results indicated that the simultaneous combination of water stress and TMV infection
caused additive significant (P  0.05) reductions in all growth parameters except root length compared to single
stressed and unstressed plants. In mostly, the foliar spray with Put at 0.2 mM achieved the highest significant
values for growth parameters. On the other hand, the treatment of Toc at 50 ppm especially under simultaneous
combination of water stress and TMV infection led to the highest significant increases in phenolic compounds
(PC) and the activity of phenolic related enzymes including phenylalanine ammonia-lyase (PAL), peroxidase
(POD) and polyphenol oxidase (PPO). These results were confirmed by increasing the expression of POD and
PPO isozymes under previous conditions. Additionally, alcohol dehydrogenase isozyme (AHD2) was highly
expressed in Toc at 50 ppm with water stress and Toc at 100 ppm with water stress +TMV, while, malate
dehydrogenase (MDH) was highly expressed with Put at 0.1mM in drought and Put at 0.2 mM in water stress
+TMV. Symptoms of the infected plants and relative concentration of TMV were decreased by exposing
simultaneously to water shortage. Generally, Toc at 50 ppm was the best application to enhance tolerance
mechanisms to both water stressed and TMV infected plants.
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INTRODUCTION multiplication inside the plant cell alters different

Tomato (Solanum lycopersicum L.) is the second physiological process like photosynthesis, transpiration
widely  grown  vegetable  crop  in  the  world  after and respiration of the infected plants which affect the
potatoes [1]. It is consumed extensively in many regions growth and yield [10].
either as fresh fruits or canning as  tomato  sauce or Water stress is considered to be the major
paste, being an important source of minerals (K, P, Mg environmental factor limiting crop growth and yield of
and Fe), vitamins (A, B and C), phytosterols that help to plants worldwide [11]. Most commercial tomato cultivars
keep cholesterol under control in human body and the are drought sensitive at all stages of plant development,
lycopene which acts as a vital antioxidant that prevent with seed germination and early seedling growth being
cancerous cell formation [2]. the most sensitive stages [12]. A key sign of drought

Tomato virus diseases consider one of the most stress at the molecular level is the accelerated production
important problems facing tomato production in many of reactive oxygen species (ROS) such as singlet oxygen,
countries [3-7]. Among these viruses TMV was known to superoxide,  hydrogen  peroxide  and  hydroxyl radicals
be widely spread all over the world causing severe [13, 14]. These toxic molecules are capable of causing
damage to tomato plants and significant losses in their oxidative damage to protein, DNA, lipids and other
yield [8, 9]. In general, various reports suggest that virus molecules [15].

biochemical constituents of plants and disrupt the
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Álpha- tocopherol is the major vitamin E compound the plant material used in the experiments. Seedlings were
and a lipophilic antioxidant which is synthesized transplanted in 30 x40 cm plastic pots (one seedling/pot)
exclusively in the plants and some photosynthetic filled with 15 kg pre-washed sand in insect proof cages.
microorganisms [16, 17]. It can be responsible for The experimental design was split plot with Completely
scavenging reactive oxygen species (ROS) and functions Randomized Block Design (CRBD) of main plots. All pots
as stabilizer of cell membranes under stress conditions (240) were divided to four equal main groups as replicates.
[18]. The four stressful treatments were distributed randomly

Putrescine (Put) is one of the polyamines (PAs) that into each replicate as main plots and the five foliar
are considered low molecular weight polycations treatments as sub-plots. Each treatment (Stressful
implicated in a wide array of fundamental processes in treatment  X  Foliar application combination) allocated in
plants ranging from triggering the cell cycle, genome 3 pots/ replicate. The nutrient solution was prepared
expression, signaling, plant growth and development to according to Abd-Elmoniem et al. [27] and used day by
plant adaptation toward abiotic stresses [19, 20]. PAs day two times as stable part of water requirements for all
increase survival of various plants under chilling, osmotic, treatments without effect on the investigated water
radiation and salt stress [21-24]. Also, antioxidant holding capacity then, the third time irrigation carried out
properties of free PAs were noted by Drolet et al. [25]. by tap water in order to avoid nutrient accumulation.
Then Bors et al [26] observed that PAs exhibited their
most significant antioxidant properties when they form Treatments
conjugates with phenolic acids. Foliar Applications: All foliar treatments (distilled water

The impacts of water stress and TMV on tomato as a control, -tocopherol (Toc) at 50 and 100 ppm and
plants have been studied independently in many previous putrescine (Put) at 0.1 and 0.2 mM were done after 7 days
works. However, under nature conditions, both of these from transplanting (pre-stressful treatments) to be
stresses often occur in combination especially in the arid assimilated inside plants before exposure to the stressful
and semi-arid regions such as Egypt. The interactive factors.
effects of various simultaneous stresses on crop plants
have received far less attention, for this reason, the Virus  Inoculation   and   Water   Stress  Procedures:
purpose of this work was to evaluate these interactive The inoculation was done at 4 days after foliar
effects of TMV and water stress together on one side and application. Tobacco mosaic virus (TMV) kindly provided
the role of putrescine and -tocopherol as stimulators to by Plant Virus Lab., Plant Pathology Department, Faculty
induced resistance against TMV and water stress in of Agriculture, Ain Shams University, was used in the
tomato plants on the other side. present study. Tomato plants were mechanically

MATERIALS AND METHODS Leaves of control plants were dusted with carborandum

Plant  Materials  and  Growth  Conditions: Two pot treatments were initiated also after 4 days from foliar
experiments were conducted on the 26  and 30  of application.  Well-watered  irrigation  treatment  plantsth th

September of 2012 and 2013 respectively to investigate were  kept  at  80-90%  of  water holding capacity by
the impacts of foliar application with distilled water as a weight  method,  while  deficit  irrigation plants received
control, -tocopherol at (50 and 100 ppm) and putrescine 40-50%.
at (0.1 and 0.2 mM) on tomato plants under four different
conditions including without stress as a control, water Parameters Measured: The growth parameters including
deficit, TMV infection and the simultaneous combination length and weight for root and shoot were determined
of water deficit + TMV. Tomato seeds cv. “Super after 2 weeks from exposure to stressful factors.
marmende” were surface-sterilized for 4 min with 0.7%
(w/v) NaOCl and washed several times with distilled Determination of Phenolic Compounds: The extraction of
water. Seeds were sown under greenhouse conditions dry  leaves  in  cold  MeOH  85% was used to determine
(25°C ± 5),  16 h  light  and  8 h  dark  cycle  in  trays with the phenolic compounds according to the method of
50 individual cells (4x4x6) containing a sterilized sandy- Folin-Denis as described by Shahidi and Naczk [29] by
loamy soil (2:1 w/w). A month old seedlings, uniform in reading the developed blue color at 725 nm using
size, were chosen for transplanting in order to homogenize spectrophotometer (UV-visible-160A, Shimadzu, Japan).

inoculated  using  phosphate  buffer   solution  [28].

and inoculated with buffer solution. Differential water
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Enzyme Assays: To prepare the extraction of enzymes and chemical solution. Then, gels incubated at 37°C in a dark
soluble proteins, fresh leaves were homogenized in 5 mL room until bands appeared. The staining gels were carried
phosphate  buffer  (0.1  mol/L, pH 7.8), centrifuged at out according to Heldt, [35] for POD and PPO, Scandalios
10,000 ×g for 20 min at 4°C and then the supernatant was [36] was used for the ADH and Jonathan and Wendell
used for assays. Soluble proteins were evaluated by the [37]  for  MDH.  Gels  were  washed  two or three times
method of Bradford [30]. with tap water, fixed in ethanol: 20% glacial acetic acid

Polyphenol oxidase (PPO) (EC 1.14.18.1) activity was (9:11 v/v) for 24 hours.
measured according to Oktay et al. [31]. The reaction
mixture consisted of 100 µl crude enzyme, 600 µl catechol Symptoms  and Time of  Symptoms Appearance of TMV
and 2.3 ml phosphate buffer (0.1 M, pH 6.5). The in  Inoculated  Plants: Symptoms and time of symptoms
absorbance  at  420 nm  was  recorded at zero time and appearance  of  infected  tomato  plants were recorded
after 1 min. One unit of PPO activity was defined as the after 14 and 30 days post inoculation (dpi) with TMV on
amount of enzyme that caused an increase in absorbance two groups of tomato plants. Group number 1 inoculated
of 0.001 per min at 420 nm. The enzyme activity was with TMV only and group number 2 inoculated with TMV
expressed as unit. mg  protein. and exposure to water stress at the same time. Both of1

The activity of  phenylalanine   ammonia-lyase,   PAL groups were subjected to different investigated foliar
(E.C 4.3.1.5) was assayed as described by Lister et al. [32]. treatments.
The PAL assay reaction consisted of 100 µL crude extract
and 900µL of 6 µmol phenylalanine in 500 mM tris-HCl Relative Concentration of TMV in Infected Plants:
buffer (pH 8.5). The mixture was incubated at 37 ºC for 1 h Relative concentration of TMV in infected plants was
and measured spectrophotometrically at 290 nm. Trans- detected in group number 1 and number 2 after 30 days
cinnamic acid was used as standard. post inoculation (dpi) with TMV with two methods at the

The activity of peroxidase, POD (EC 1.11.1.7) was two seasons.
assayed according to the method of Dias and Costa [33]
with some modifications. The following reaction mixture Serologically: Enzyme-linked immunosorbent assay of
(3 ml) consisted of 10 mM sodium phosphate buffer, pH Clark and Adams [38] was used to determine TMV levels
7.0, 50µL enzyme extract and guaiacol 1% (v:v) aqueous in sap of young leaves of infected tomato plants 30 days
solution.  The  reaction  was  started  by adding H O at after inoculation. Absorbance values were determined2 2

100 mM. The changes of optical density at 470nm were using ELISA reader (BIE & BERNTSEN A.S) at 405 nm [1
recorded in a spectrophotometer. Unit of enzyme (IU) hr. after addition of the substrate].
equal 0.01Ä OD. min . The specific activity expressed as1

(IU.min .mg  protein). Biologically: Number of local lesions were appeared after1 1

Isozyme Electrophoresis: Native-polyacrylamide gel of (1 gram collected tomato leaves sample from each
electrophoresis (Native-PAGE) was conducted to identify treatment in the both groups after 30 days post
isozyme variations among different treatments using four inoculation with phosphate buffer pH 7.4), on Datura
isozyme systems according to Stegemann et al. [34]. metel plants.
Fresh and young leaves samples were used for isozymes
extraction. The utilized isozymes are Peroxidase (POD), Statistical Analysis: The experimental data were
Polyphenol Oxidase (PPO), Malate dehydrogenase (MDH) subjected to analysis of variance (two-way ANOVA)
and Alcohol dehydrogenase (ADH). procedures using the statistical software package

Isozymes Extraction Procedure Was Done as Following: compare differences among treatments means at 5% level
homogenizing 0.5 g fresh leaves samples in 1 ml extraction of probability. 
buffer (10% glycerol) using a mortar and pestle. The
extract was then transferred into clean eppendorf tubes RESULTS AND DISCUSSION
and centrifuged at 10000 rpm for 5 minutes at 4°C. The
supernatant was transferred to new clean eppendorf tubes Growth Parameters: Data presented in Table 1 show that
and kept at –20°C until use for electrophoretic analysis. TMV infection, drought stress and their simultaneous
After electrophoresis, the gels were stained according to combination had significant (P 0.05) negative effects on
their enzyme system with the appropriate substrate and all  growth  parameters  except  the  root  length comparing

7 days from inoculation with TMV from grinded crud sap

procedures SAS Institute Inc, [39]. LSD was used to
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Table 1: Effect of foliar application by -tocopherol (Toc) at 50, 100 ppm and putrescine (Put) at 0.1, 0.2 mM on some growth parameters of tomato plants
(55 DAS) under drought, Tobacco mosaic virus (TMV) inoculation and their combination

2012 2013
-------------------------------------------------------------------------------- ------------------------------------------------------------------------------

Stressful factor
---------------------------------------------------------------------------------------------------------------------------------------------------------------------
Unstressed TMV Drought TMV+ Drought Mean Unstressed TMV Drought TMV+ Drought Mean

Foliar treatments Root length (cm)
Cont 21.23 fg 18.40 i 32.97 b 33.23 b 26.46 B 24.87def 22.63 ef 37.67 a 30.73 bc 28.98 C.(distilled water)

Toc 50 ppm 22.53def 18.47 i 33.17 b 32.43 bc 26.65 B 25.27de 21.23 f 40.77 a 31.77 b 29.76 BC
Toc 100 ppm 22.30 ef 19.60 ghi 31.63 bc 30.77 c 26.08 B 25.43 de 22.07 ef 40.03 a 32.60 b 30.03 BC
Put 0.1 mM 23.43 de 20.87 fgh 36.77 a 35.47 a 29.13 A 27.50 cd 23.33 ef 38.53 a 37.33 a 31.68 AB
Put 0.2 mM 24.47 d 19.20 hi 36.97 a 36.53 a 29.29 A 27.73 cd 22.50 ef 41.07 a 37.33 a 32.16 A
Mean 22.76 B’ 19.31 C’ 34.30 A’ 33.69 A’ 26.16 C’ 22.35 D’ 39.61 A’ 33.95 B’
LSD  0.05 Stressful factor 0.88 Stressful factor 1.78

Foliar treatments 0.98 Foliar treatments 1.99
Interaction 1.96 Interaction 3.98

Root fresh weight (g)
Cont 2.26 cd 1.94 d-f 1.60 e-g 1.55 fg 1.84 B 2.64 b-e 2.38 e 1.60 f-h 1.46 gh 2.02 B.(distilled water)

Toc 50 ppm 2.75 ab 1.94 d-f 1.86 d-g 1.47 g 2.00 AB 2.84 ab 2.49 de 1.85 f 1.53 gh 2.18 A
Toc 100 ppm 2.58 bc 1.89 d-g 1.78 e-g 1.59 e-g 1.96 AB 2.78 a-c 2.53 c-e 1.47 gh 1.40 h 2.05 B
Put 0.1 mM 2.99 ab 2.02 de 1.82 e-g 1.67e-g 2.12 A 2.89 ab 2.67 b-d 1.72 fg 1.71 fg 2.24 A
Put 0.2 mM 3.07 a 1.75 e-g 1.98 d-f 1.74 e-g 2.14 A 3.02 a 2.76 a-d 1.80 f 1.48 gh 2.27 A
Mean 2.73 A’ 1.91 B’ 1.80 B’ 1.60 C’ 2.83 A’ 2.57 B’ 1.69 C’ 1.51 D’
LSD  0.05 Stressful factor 0.20 Stressful factor 0.12

Foliar treatments 0.22 Foliar treatments 0.13
Interaction NS Interaction NS

Shoot length (cm)
Cont 41.43 cd 35.67 fg 32.00 h-j 29.67 ij 34.69 D 42.40 bc 36.83 de 28.13 h 28.43 gh 33.95 B.(distilled water)

Toc 50 ppm 43.67 bc 38.76 d-f 34.73 gh 31.57 h-j 37.18 BC 42.80 bc 33.30 ef 32.20 ef 30.87 f-h 35.10 B
Toc 100 ppm 41.93 cd 39.90 de 35.57 fg 29.00 j 36.60 C 43.93 b 32.43 e-h 32.93 e-g 33.73 ef 35.76 B
Put 0.1 mM 46.57 ab 37.67e-g 37.50 e-g 32.33 hi 38.52 B 44.47 b 39.17 cd 31.83 f-h 29.37 f-h 36.21 B
Put 0.2 mM 47.33 a 40.03 de 39.17 de 34.67 gh 40.30 A 49.30 a 43.20 bc 33.87 ef 32.13 f-h 39.63 A
Mean 44.19 A’ 38.41 B’ 35.79 C’ 31.45 D’ 44.58 A’ 36.99 B’ 31.99 C’ 30.91 C’
LSD  0.05 Stressful factor 1.44 Stressful factor 2.09

Foliar treatments 1.61 Foliar treatments 2.33
Interaction NS Interaction 4.67

Shoot fresh weight (g)
Cont 10.57c 8.98 d-f 6.75 j 7.17 ij 8.36 D 10.18 d 7.54 f-i 6.43 k 6.55 jk 7.68 D.(distilled water)

Toc 50 ppm 11.87 b 8.57 e-h 8.74 e-g 7.63 h-j 9.20 BC 11.54 bc 8.11 e-g 7.68 f-i 7.36 g-i 8.67 BC
Toc 100 ppm 10.71 c 8.44 e-h 8.25 f-i 7.81 g-j 8.80 CD 11.25 c 8.34 ef 7.27 h-j 7.01 i-k 8.47 C
Put 0.1 mM 12.51 ab 9.92 cd 8.91 d-g 7.83 g-j 9.80 A 12.21 ab 8.73 e 7.43 g-i 7.19 i-k 8.89 AB
Put 0.2 mM 13.06 a 9.39 de 8.84 d-g 7.57 h-j 9.71 AB 12.75 a 8.54 e 8.01 e-h 7.33 g-j 9.16 A
Mean 11.75 A 9.05 B 8.30 C 7.60 D 11.59 A 8.25 B 7.36 C 7.09 C
LSD  0.05 Stressful factor 0.49 Stressful factor 0.36

Foliar treatments 0.55 Foliar treatments 0.40
Interaction 1.11 Interaction NS

Within each variable, means with different letters are significantly difference at P  0.05

with the controls in both seasons. In this respect, the disrupts the physiological process like photosynthesis,
combination of both stresses was more effective than the transpiration and respiration which affect the growth and
individual ones. It is well documented that TMV infection yield [10]. Also, water shortage can affect directly on the
and water stress affected negatively the growth plant growth through reducing the turgor pressure of cells
parameters of tomato plants [8, 9, 40 - 43]. These findings and inhibition their mitosis and elongation [44]. The sever
can be explained by that virus multiplication inside the reduction in the growth parameters by exposure to the
plant cell alters different biochemical constituents and simultaneous  combination  of    both   stresses   could  be
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depending on the type of stress and pathogen under The highest increases (2.96, 3.30 mg.g  d.wt) were
study because the combination between the different achieved by the simultaneous exposure to TMV and water
stresses may provoke some of complex pathways deficit together. The same trend was observed in respect
controlled by different signaling events resulting in to specific activity of phenolic related enzymes including
positive or negative impact of one stress over the other PAL,  POD  and  PPO.  These  increments reached 49.5,
[45, 46]. On the other hand, the increases in root length by 44.6 % in PAL; 58.9, 54.7% in POD and 85.7, 79.8% in PPO
exposing to water deficit may permit plants to survive more than unstressed plants in both seasons respectively.
during water deficit by increasing the uptake of water from The increases in phenolic compounds could improve the
deeper soil [47, 48]. antioxidant capacity, scavenging systems for ROS

Concerning the effect of foliar treatments under (resulting in biotic and abiotic stresses); and act as a
investigated stressful factors, it is clear that Put at 0.2 mM carbon sink in plants under water stress [55]. The
gave the highest significant (P 0.05) increases for most substantial progress in the PAL activity of the stressed
studied growth parameters comparing with the controls in plants is considered an important regulatory step in the
both seasons. These results may be related to the formation of many phenolic compounds which play many
importance of PAs in promoting cell division and considerable roles under stress conditions. This reaction
differentiation  [49]. Moreover, PAs are not only involved occurs via the elimination of an ammonia molecule from
in the regulation of plant development and physiological phenylalanine to form cinnamic acid [48]. PPOs are
processes, but also play important roles in modulating the ubiquitous in angiosperms, are inducible by both biotic
defense responses in the plant cell [20, 50, 51]. and abiotic stresses and have been implicated in several

With respect to the interaction effects, statistical physiological processes including plant defense against
analysis revealed that in general, the root length was pathogens and insects, the mehler reaction,
significantly (P 0.05) affected by the foliar applications photoreduction of molecular oxygen by PSI, regulation of
especially Put under water stress either as individual or plastidic oxygen levels and the phenylpropanoid pathway
combined with TMV inoculation whereas; these effects [56]. The increments in POD activity associated with
were negligible for root weight in both seasons. These investigated stresses can act as a defensive response to
results indicated that there was a synergistic effect to the biotic and abiotic stresses [57, 58]. Peroxidases (PODs)
interaction between Put and the vertical distribution of have been implicated in several metabolic processes
roots under drought conditions while the biomass of related to induce resistance such as lignin synthesis,
roots is depending on the continuous supplies for phenol oxidation, increasing cross-linking proteins and
photoassimilates and phytohormones from the shoot another plant cell wall cross-linking reactions [59 - 62].
system which may be impaired under water deficit. As for the effects of foliar treatments; it was obvious

Phenolic Compounds and Activity of Their Related treatments compared to control plants. The highest
Enzymes: Reactive oxygen species (ROS) haves been increases were obtained by Toc at 50 ppm and 100 ppm in
reported as being products of both biotic and abiotic both seasons respectively. Also, Toc at 50 ppm achieved
stresses [52]. These molecules are responsible for most the highest significant (P  0.05) increments in the specific
the oxidative damages in the biological structures activity of POD (14.5, 16.4 %) and PPO (12, 15.2%) more
including DNA, RNA, amino acids, protein and lipid [53]. than controls in both seasons respectively while, this
Therefore plants under stresses possess efficient effect was only significant in PAL in the first season.
antioxidant systems that minimize or preventing the These responses indicated that, generally, Toc at 50 ppm
occurrence of oxidative damage. Among these was in mostly more potent in increasing accumulation of
antioxidants, phenolic compounds and their related phenolic compounds and the activity of all phenolic
enzymes (PAL, PPO and POD) have received considerable related enzymes than other foliar treatments especially
attention for being potentially protective factors against under simultaneous exposure to both drought and TMV
TMV infection and drought stress [40, 54]. inoculation. Prior to this study, tocopherols were

Data in Table 2 show that exposing tomato plants to presumed to have an antioxidant function in plants similar
TMV inoculation and /or water deficit increased to that found in animals and were thought to play a major
significantly (P  0.05) the phenolic compounds (PC) role in protection photosynthesis and stimulate plant
comparing with the unstressed plants in both seasons. defense  responses  [63, 18]. Additionally, photosynthesis

1

that PC were increased significantly (P  0.05) by all foliar
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Table 2: Effect of foliar application by -tocopherol (Toc) at 50, 100 ppm and putrescine (Put) at 0.1, 0.2 mM on phenolic compounds and some related

enzymes of tomato plants (55 DAS) under drought, Tobacco mosaic virus (TMV) inoculation and their combination

2012 2013

---------------------------------------------------------------------------------- -----------------------------------------------------------------------------

Stressful factor

------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Foliar treatments Unstressed TMV Drought Drought + TMV Mean Unstressed TMV Drought Drought + TMV Mean

Phenolic compounds “PC” (mg.g d.wt)1

Cont 1.16 1.37 1.77 2.85 1.79 1.18 1.36 1.86 3.32 1.93.(distilled water)
i hi gh abc B g g def ab C

Toc 50 ppm 1.28 1.95 3.02 3.07 2.33 1.30 1.84 3.16 3.53 2.46i efg a a A g ef ab a A

Toc 100 ppm 1.34 2.28 2.37 2.89 2.22 1.22 1.83 3.50 3.41 2.49hi def de ab A g ef ab ab A

Put 0.1 mM 1.29 1.86 2.48 3.17 2.20 1.40 1.85 2.20 3.12 2.14i fg bcd a A g ef cde b B

Put 0.2 mM 1.25 1.93 2.45 2.83 2.12 1.49 2.25 2.43 3.14 2.33i fg cd abc A fg cd c ab AB

Mean 1.27 1.88 2.42 2.96 1.32 1.83 2.63 3.30D’ C’ B’ A’ D’ C’ B’  A’

LSD  0.05 Stressful factor 0.190 Stressful factor 0.178

Foliar treatments 0.212 Foliar treatments 0.199

Interaction 0.424 Interaction 0.399

Phenylalanine ammonia-lyase, “PAL” (µ mol.h . mg  protein)1 1

Cont 0.87 1.17 1.27 1.37 1.17 0.97 1.28 1.33 1.34 1.23.(distilled water)
f e bcde abc B’ fg cde abcd abcd A’

Toc 50 ppm 0.88 1.27 1.40 1.49 1.26 0.91 1.30 1.38 1.40 1.25f bcde ab a A’ gh bcde ab a A’

Toc 100 ppm 0.96 1.23 1.34 1.27 1.20 0.86 1.30 1.31 1.35 1.21f de bcd bcde AB’ h bcde bcde abc A’

Put 0.1 mM 0.97 1.26 1.31 1.36 1.23 1.04 1.23 1.28 1.32 1.22f cde bcd abcd AB’ f e cde abcd A’

Put 0.2 mM 0.89 1.17 1.31 1.32 1.17 0.93 1.29 1.25 1.36 1.21f e bcd bcd B’ gh bcde de abc0 A’

Mean 0.91 1.22 1.33 1.36 0.94 1.28 1.31 1.36C B A A C B B A

LSD  0.05 Stressful factor 0.059 Stressful factor 0.040

Foliar treatments 0.066 Foliar treatments NS

Interaction NS Interaction 0.090

Peroxidase “POD” (Unit. min . mg  protein)1 1

Cont 970.47 1217.83 1514.93 1492.50 1298.9 1046.67 1136.93 1430.30 1543.10 1289.25.(distilled water)
h fg de e C’ g efg d cd C’

Toc 50 ppm 1159.67 1190.60 1633.90 1963.27 1486.8 1237.53 1248.77 1650.70 1865.17 1500.54fg fg cd a A’ ef e bc a A’

Toc 100 ppm 1147.20 1189.97 1565.57 1764.77 1416.8 1144.80 1172.00 1638.47 1774.07 1432.33fg fg de bc B’ efg efg bc ab AB’

Put 0.1 mM 1103.70 1243.33 1525.97 1786.10 1414.7 1082.17 1146.43 1516.17 1738.20 1370.74gh f de b B’ fg efg cd ab B’

Put 0.2 mM 1137.63 1215.17 1575.83 1760.27 1422.2 1119.77 1192.23 1549.87 1791.40 1413.32fg fg de bc AB’ efg efg cd ab B’

Mean 1103.73 1211.38 1563.24 1753.38 1126.19 1179.27 1557.10 1742.39D C B A C C B A

LSD  0.05 Stressful factor 60.87 Stressful factor 70.68

Foliar treatments 68.05 Foliar treatments 79.02

Interaction 136.11 Interaction NS

Polyphenol oxidase“PPO” (Unit. min . mg  protein)1 1

Cont 707.03 917.30 1173.97 1142.03 985.08 769.70 841.83 1176.77 1223.00 1002.83.(distilled water)
 j  hi de def B’ ef def c c C’

Toc 50 ppm 625.43 1034.77 1226.30 1526.03 1103.13 711.03 1098.63 1236.80 1577.03 1155.88jk fg cd a A’ f c c a A’

Toc 100 ppm 831.57 989.70 1209.37 1379.57 1102.55 873.37 946.43 1215.77 1460.93 1124.13i gh de b A’ de d c ab AB’

Put 0.1 mM 894.17 970.03 1102.97 1333.80 1075.24 841.77 797.30 1173.77 1450.33 1065.79hi gh ef bc A’ def ef c ab BC’

Put 0.2 mM 599.07 843.33 1130.10 1408.47 995.24 752.07 839.83 1095.50 1385.30 1018.18k i def b B’ ef def c b C’

Mean 731.45 951.03 1168.54 1357.98 789.59 904.81 1179.7 1419.32D C B A D C B A

LSD  0.05 Stressful factor 48.21 Stressful factor 64.62

Foliar treatments 53.90 Foliar treatments 72.24

Interaction 107.8 Interaction 144.48

Within each variable, means with different letters are significantly difference at P  0.05
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is considered the main source  for phenolic compounds effective in POD and PPO expression especially when
through  shikimic  acid  pathway  [48]. For that, improving plants  were  subjected  to  water  stress either as
the performance of photosynthesis by -tocopherol may individual or combined with TMV infection. These
affect positively phenolic compounds and the activity of findings could explain the increases in the specific activity
their related enzymes. for both antioxidant enzymes under previous condition

The interactions between stressful factors and (Table 2).
different foliar treatments were significant for PC and their Concerning the behavior of alcohol dehydrogenase
related enzymes except PAL in the first season and POD (Figure, 2; Table 3), it was observed that ADH2 isozyme
in the second one. All foliar treatments under different high expressed in Toc 1 under drought and Toc 2 under
stressful factors revealed that Toc at 50 ppm under the drought + TMV. The expression of the alcohol
combination of TMV and water shortage gave the highest dehydrogenase (ADH) gene is known to be regulated
increases for most traits in this respect. developmentally and to be induced by environmental

Isozymes Electrophoresis: Data illustrated in Figure (1) signaling and response to environmental stresses other
and Table (3) revealed that the presence of six groups of than low oxygen [66]. Furthermore, specific analysis of the
peroxidase isozymes (POD) were observed among tomato ADH gene from rice, maize and Arabidopsis showed ADH
treatments. POD1 was expressed only in Toc2 at 100 ppm. to be induced by cold, wounding, dehydration and the
POD2, POD3, POD5 and POD6 were common in all phytohormone abscisic acid (ABA) which is considered
treatments and unstressed, but varied in the density of the main stress hormone in plants [64, 67-69] infection.
bands. Toc1 at 50 ppm was the highest effective in These findings could explain the increases in the specific
expression represented by high band intensity in activity for both antioxidant enzymes under previous
combined stressed plants in POD2, POD3 and POD5 condition (Table 2).
followed by the drought treatment. And notable, Put2 at Concerning the behavior of alcohol dehydrogenase
0.2 mM was high in expression of POD3 under the (Figure, 2; Table 3), it was observed that ADH2 isozyme
simultaneous combination of both stresses and water high expressed in Toc 1 under drought and Toc 2 under
deficit individually. Water stress recorded the highest drought + TMV. The expression of the alcohol
intensity, subsequently TMV infection. Regarding POD4, dehydrogenase (ADH) gene is known to be regulated
Toc2 at 100 ppm under the combination of both stresses developmentally and to be induced by environmental
was absent. But, POD3 in TMV infection attained high stresses [64, 65]. It was suggested to involve in stress
expression with Put at 0.1 and 0.2 mM. Unstressed plants signaling and response to environmental stresses other
and TMV were with similar effect in POD5 isomer. In than low oxygen [66]. Furthermore, specific analysis of the
generally, the treatment of Toc1 at 50 ppm under ADH gene from rice, maize and Arabidopsis showed ADH
simultaneous exposure to the combination of water deficit to be induced by cold, wounding, dehydration and the
and TMV infection was showed high expression of phytohormone abscisic acid (ABA) which is considered
peroxidase enzyme. the main stress hormone in plants [64, 67-69].

Polyphenol Oxidase (PPO1) isozyme was recorded in Regarding the malate dehydrogenase isozymes
all treatments except control, Toc1 and Put2 in unstressed (Figure 2; Table 3), it was not feasible to observe
plants with control under TMV infection. Toc1 attained differences on intensity of bands stained for enzyme
high expression especially under the combination and present in all treatments and unstressed plants except
water deficit of both stressful factors higher than TMV Put1 in drought and Put2 in drought + TMV were
individually. Also, PPO2 showed common bands, varied increased. These results indicated that putrescine may
in band intensity and expressed more in Toc1 with stimulate some of plant tolerance mechanisms under water
interaction, water shortage treatment and TMV infection. stress because NADP-MDH converts oxaloacetate to
PPO3 isomer attained similar low expression in the studied malate using NADPH, facilitating the regeneration of the
treatments. PPO4 expressed in all treatments but this electron acceptor NADP  in the chloroplasts, particularly
expression increased in Toc1 in TMV infection, more than when CO  assimilation is restricted as occur under
in interaction and drought stressed plants. On the other drought stress [70]. This response may also explain the
hand, PPO5 isomer was absent in Put 2 and control in improving of growth parameters (Table 1) by putrescine
interaction. Generally, Toc at 50 ppm was the most under drought conditions.

stresses [64, 65]. It was suggested to involve in stress

+

2
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Table 3: Densitometric analysis for POD, PPO, ADH and MDH isozymes of tomato unstressed and exposed to TMV infection and drought stress individually and their combination underlying

foliar application of - tocopherol (Toc) at 50 and 100 ppm

Relative Unstressed TMV Drought Drought + TMV

Mobility ------------------------------------------- -------------------------------------- ------------------------------------- -----------------------------------------

Isozymes (R.M) Con. Toc1 Toc2 Put1 Put2 Con. Toc1 Toc2 Put1 Put2 Con. Toc1 Toc2 Put1  Put2 Con. Toc1 Toc2 Put1 Put2

Peroxidase (POD Groups) POD1 (0.2) 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0+

POD2 (0.5) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1- - - - - - - - + + + ++ + + ++ - +++ ++ + ++

POD3 (0.6) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ +++ +++ +++ +++ ++ ++++ +++ ++ +++

POD4 (0.7) 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1+ + + - - + + + + + + + + + + - - +

POD5 (0.8) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1++ ++ ++ ++ ++ ++ ++ ++ ++ ++ + +++ + + - + +++ ++ ++ ++

POD6 (0.9) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1+ + + + + + + + + + - + - - - + + - -

Polyphenol Oxidase PPO1 (0.5) 0 0 1- 1- 0 0 1- 1- 1+ 1- 1+ 1+ 1- 1+ 1- 1- 1+ 1- 1- 1-

(PPO Groups) PPO2 (0.6) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1- 1 1 1 1++ + ++ ++ + + + + ++ ++ + ++ ++ ++ ++ +++ + ++ +

PPO3 (0.7) 1 0 1 1 0 1 1 1 1 1 1 1 1 1- 0 0 1 1 0 1+ + + + + - - - + + - + + +

PPO4 (0.8) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1++ + ++ ++ + + ++ + ++ ++ ++ ++ + + + + ++ ++ + +

PPO5 (0.9) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1- 0 1 1- 1- 1+ + - + + + - + + - + + + + + +

Alcohol dehydrogenase ADH1 (0.4) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1-+ - + + + + + + + + - + ++ + + + - - +++

(ADH Groups) ADH2 (0.6) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1+ + + + + ++ + + ++ - + +++ ++ + + + ++ +++ ++ ++

Malate dehydrogenase MDH1 (0.2) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1- + + + + + + + + + + + + ++ + + + + + ++

(MDH Groups) MDH2 (0.4) 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1- 0 0 1 1-- - - - - - - - - - - - - - -

MDH3 (0.6) 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1+ + + + + + + + + + + + + + + + + + +

1 = density of band is very highly, 1 = highly density, 1 = density of medium, 1 = little, 1 = faint, 1 = very faint and 0= band absent+++++ ++++ +++ ++ + -

Peroxidase (POD)

Polyphenol oxidase (PPO)

Fig. 1: Electrophoretic profiles stained for isozymes: Peroxidase (POD), (B) Polyphenol Oxidase (PPO)
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Alcohol Dehydrogenase (ADH)

Malate Dehydrogenase (MDH)

Fig. 2: Electrophoretic profiles stained for isozymes: Alcohol Dehydrogenase (ADH) and Malate Dehydrogenase (MDH)

Symptoms  and Time of  Symptoms Appearance of TMV plants  treated  with  distilled  water showed severe
in Inoculated Plants: Reaction of tomato plants to mosaic,  stunting,  leaf malformation and yellowing.
inoculation with TMV and time of symptoms appearance Tomato treated with Put 0.1 mM and 0.2 mM showed
after 14 and 30 days post inoculation (dpi) on  two severe mosaic and leaf malformation.  Tomato  treated
groups of tomato plants. Group number 1 inoculated with with  Toc  50  ppm  and 100 ppm showed moderate mosaic
TMV only and group number 2 inoculated with TMV and and stunting. On the contrary group (2) showed less
exposure to drought stress at the same time. Both of severe symptoms, tomato treated with distilled water
groups were subjected to different investigated foliar showed  moderate  mosaic,  stunting,  leaf malformation
treatments are shown in Table (4). Regarding to the effect and  yellowing.  Tomato  treated  with  Put 0.1 mM
of TMV exposure to drought stress at the same time, it showed sever mosaic, leaf malformation and yellowing.
can be concluded that In all inoculated plants with TMV Tomato  treated  with  Put  0.2 mM showed moderate
combination with drought, exhibited symptoms later and mosaic  and  leaf  malformation.  Tomato   treated  with
less severity than the plants only inoculated with TMV Toc 50 and 100 ppm showed moderate mosaic and
alone. stunting. According to the results obtained and listed in

Reaction of Tomato plants after 14 dpi, group (1) Table (4) we can be concluded that inoculated tomato
tomato  plants  treated  with  distilled  water,  Put  0.1 mM plants with TMV and drought exhibit mild symptoms
and Put 0.2 mM showed moderate mosaic on the other especially treated with tocopherol Followed by single
hand   tomato   treated  with  Toc  50  and   100  ppm inoculation with TMV alone especially treated with
showed  mild  mosaic.  After 30 dpi, group (1) tomato tocopherol.
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Table 4: External symptoms on tomato plants after 14 and 30 days from inoculation with TMV in different treatments
14 days 30 days
----------------------------- -----------------------------------------------------------------------------------

Treatments ** Symptoms* M.M Mo. M Mo.M S.M Stunting L.Mal. Y.
TMV Cont.(distilled water) - + - + + + +

Toc 50 ppm + - + - + - -
Toc 100 ppm + - + - + - -
Put 0.1 mM - + - + - + -
Put 0.2 mM - + - + - + -

TMV+ Drought Cont.(distilled water) + - + - + + +
Toc 50 ppm - - + - + - -
Toc 100 ppm - - + - + - -
Put 0.1 mM - - - + - + +
Put 0.2 mM - - + - - + -

*: M.M= Mild mosaic, Mo.M = moderate mosaic S.M= sever mosaic, L.Mal. = Leaf malformation, Y= yellowing, **:+= symptoms, - = no symptoms.

Table 5: Effect of foliar application by -tocopherol at 50, 100 ppm and putrescine at 0.1, 0.2 mM on average number of local lesions of TMV on inoculated
Datura metel leaves under two irrigation regimes

2012 2013
------------------------------------------------------------------------ ----------------------------------------------------------------------

Foliar treatments TMV TMV + Drought Mean TMV TMV + Drought Mean
Cont.(distilled water) 44.67 a 33.67 b 39.17 A 46.67 a 36.33 b 41.50 A
Toc 50 ppm 19.00 f 7.67 h 13.33 D 21.33 fg 6.33 h 13.83 D
Toc 100 ppm 24.33 de 15.33 g 19.83 C 26.33 de 18.67 g 22.50 C
Put 0.1 mM 31.67 b 27.00 cd 29.33 B 34.33 b 30.00 c 32.17 B
Put 0.2 mM 27.67 c 21.33 ef 24.50 BC 28.67 cd 24.00 ef 26.83 D
Mean 29.47 A’ 21.00 B’ 31.47 A’ 23.07 B’
LSD  0.05 Stressful factor 1.44 Stressful factor 1.54

Foliar treatments 3.22 Foliar treatments 3.43
Interaction NS Interaction NS

Means with different letters are significantly difference at P  0.05

Table 6: Relative concentration of TMV with ELISA in inoculated tomato
plants (2012 and 2013 seasons)

405 nm OD
------------------------------

Stressful factor Foliar treatments 2012 2013
TMV Cont.(distilled water) 0.569 a 0.610 a

Toc 50 ppm 0.386 bc 0.397 d
Toc 100 ppm 0.495 abc 0.511 bc
Put 0.1 mM 0.518 abc 0.548 ab
Put 0.2 mM 0.498 abc 0.523 bc

TMV+Drought Cont.(distilled water) 0.545 ab 0.545 ab
Toc 50 ppm 0.373 c 0.389 d
Toc 100 ppm 0.391 bc 0.401 d
Put 0.1 mM 0.435 abc 0.460 cd
Put 0.2 mM 0.438 abc 0.455 cd

Unstressed Negative control 0.106 d 0.130 e
LSD  0.05 -- 0.166 0.073

Relative Concentration of TMV in Infected Plants
Serology: ELISA was used to determine the relative
concentration of TMV in tomato plants after 30 days post
inoculation.  Data in Table (5) show the absorbance
values (at 405 nm) of the infectious sap containing TMV
were generally reduced after 30 days from inoculations

with TMV and drought (group 2) and the highest value of
decreased was detected in TMV inoculation with drought
treated with Toc at 50 ppm than the other treatments.

Biologically: Relative concentration of TMV in tomato
plants after 30 days post inoculation were determined
biologically by number of local lesion appear after 7 days
from inoculation on D. metel. Data in Table (5) show
parallel results as determined by ELISA.

Symptoms appearance in TMV infected plants are
presented in Table (4). It can be observed that, exposure
tomato plants to TMV infection and drought stress
simultaneously exhibit mild symptoms especially treated
with tocopherol Followed by single inoculation with TMV
alone. Moreover, relative concentration of TMV in the
infected plants by biologically (Table 5) and ELISA test
(Table 6) revealed that TMV were generally reduced after
30  days  from  inoculations  with TMV and drought
(group 2) and the highest value of decreased was
detected in TMV inoculation with drought treated and
Toc at 50 ppm than the other treatments. These results
indicated  that  there  is a  close  relationship  between the
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tolerance of tomato plants to TMV infection and drought 4. Torsten, G., S. Beate and B. Sven-Erik, 2009.
stress. Altering the activity of phenolic related enzymes
including polyphenol oxidase (PPO), phenylalanine
ammonia-lyase (PAL) and peroxidase (POD) was shown
concomitant to single, double and triple inoculations with
three different plant viruses (TSWV, CMV and TMV) and
drought stress [40, 54]. In the current study, the
simultaneous exposure to drought stress and TMV
infection exhibited a synergistic effect on phenolic
compounds and their related enzymes (Table 2, 3 and
Figure 1). These antioxidants could play a protective role
against TMV infection. Contrast to the above mentioned
results, Xu et al. [71] found that virus infection (CMV)
increased accumulation of osmoprotectants including
trehalose, other sugars, putrescine, proline and increased
antioxidants such as anthocyanins, tocopherols and
ascorbic acid which associated with improved drought
tolerance.

CONCLUSION

The results of the current study suggested that
although, the remarkable decreases in growth parameters
by exposing to simultaneous combination of TMV
infection and water stress, tomato plants exhibited high
increases in phenolic compounds and their related
enzymes especially when treated by Toc at 50 ppm. These
responses contribute to increase the tolerance to TMV
infection as indicated by reducing the symptoms and
relative concentration of TMV in the infected plants.
These findings suggested that there are cross-tolerance
between drought stress and TMV infection in tomato
plants.
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