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Abstract: Induction of plant defense against pathogen attack is regulated by a complex network of
different signals. In the present study interaction between hormonal signals [jasmonic acid (JA) or
salicylic acid (SA)] and bioagent [arbuscular mychorrhiza (AM) fungi] was used as new strategy to
enhance tomato defense responses against wilt disease caused by Fusarium oxysporum (Fo). Thus
changes in various physiological defenses including antioxidant enzymes, phenolic compounds and
pathogenesis related (PR) proteins were investigated in leaves of tomato plants. Results appeared that
production of reactive oxygen species (ROS), mainly H 2 O 2 and O 2 •- , and lipid peroxidation increased
in tomato leaves by increasing the time of infection. Application with bioagent AM fungi and/or
hormonal elicitors (JA & SA) markedly decreased these levels ,while LOX activity greatly increased
as compared with infected control. SA- treated plants had the highest MDA level but JA + AM fungi
treated plants recorded the highest LOX activity. Infection by Fusarium oxysporm significantly
increased activity of antioxidant enzymes (SOD, APX and CAT) in tomato leaves at different stages
of growth. T he highest activity was recorded in leaves of AM fungi + JA- treated plants, while
treatments with SA especially when applied alone markedly decreased H 2 O 2 scavenging enzymes
(APX and CAT) and greatly increased SOD activity. Thus, imbalance between H 2 O 2 –generation and
scavenging enzymes in leaves may reflect a defense mechanism in tomato or a pathogenicity strategy
of the fungus. Levels of certain phenolic acids greatly changed in tomato leaves in response to
Fusarium oxysporum, AM fungi and hormonal elicitors. Benzoic and Galleic acids contents markedly
decreased , however, contents of coumaric, cinnamic, chlorogenic and ferulic acids increased in
leaves of all treatments. Also, activity of lignification enzymes POX, PPX and PAL significantly
increased in leaves of infected tomato plants. JA-treated plants caused the highest POX and PPX
activities, while SA-treated plants having the highest PAL activities. High accumulation of phenolic
compounds and activity POX, PPX and PAL in these plants may reflect a component of many defense
signals activated by bioagent and hormonal inducers which leading to the activation of power defense
system in tomato against attack. Analysis of protein electrophoresis revealed that interaction between
hormone signal (JA& SA) and bioagent AM fungi mediating the expression of the majority of
different PR-proteins leading to increasing defense mechanism against Fusarium oxysporum infection.
Thus, induction of protein bands of molecular weights 35, 33, 32, 31 (PR-2, â -1, 3 glucanase), 30.5
and 27 (PR-3,-4, chitinase) in infected leaves indicated the important role which played in disease
resistance. Finally, the new mechanism of the combination strategy between bioagent and hormonal
signals (either synergistically or antagonistically) played important roles for increasing various defense
systems and altering expression of defense genes which leading to different PR-proteins working
together to increased resistance in tomato plants against wilt disease caused by Fusarium oxysporum.
In addition, results revealed that defense mechanism in plants treated with AM fungi and JA are more
effective than AM fungi plus SA- treated plants.
Key words: Biocontrol, hormonal elicitor, Fusarium oxysporum, tomato, antioxidant system, phenolic
compounds, pathogen related proteins
INTRODUCTION
Plants responds to pathogen attack or elicitor treatments by activating a wide variety of protective
mechanisms designed to prevent pathogen replication and spreading (M alolepsza & Rózalska 2005).
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The defense mechanisms including the fast production of reactive oxygen species (ROS) (De Gara et al.,
2003); alterations in the cell wall constitution; accumulation of antimicrobial secondary metabolites known as
phytoalexins (Heath 2000; Agrios 2005); activation and/or synthesis of defense peptides and proteins (Castro
& Fonts 2005).
The production of reactive oxygen species (ROS) is one of the earliest cellular responses following
successful pathogen recognition. The generation of ROS such as the superoxide anion (O 2 .-) and hydrogen
peroxide (H 2 O 2 ) are a common event associated with normal plant biochemical processes (Zhou et al., 2004),
and also causes oxidative damage through actions such as lipid peroxidation with membrane destruction, protein
inactivation and DNA mutation (Torres et al., 2006). Localized production of H 2 O 2 and (O 2 .-) are one of the
earliest cytologically and histochemically detectable response events in plant tissue, and is probably in induction
of the hypersensitive response (HR) or systemic acquired resistance (Bolwell 2004). H 2 O 2 generation have
direct antimicrobial activity inhibiting germination of spores of many fungal pathogens and participation in the
formation of phenoxyl-radicals during phenol-polymerization within the plant cell wall (Lamb & Dixon 1997).
In addition, generation of ROS induce lipid peroxidation, which lead to a loss of membrane integrity, tissue
necrosis and induction of phytoalexins which synthesized by the action of lipoxygenases (LOXs). LOX
metabolites may exert direct antimicrobial activity and induce or alter wound/pathogen defense gene expression
(Kühn et al., 2005). On the other hand, development of an antioxidant defense system in plants protect them
against oxidative stress damage, by either the partial suppression of ROS production, or the scavenging of ROS
which has already been produced (Torres et al., 2006; Ye et al., 2006; Cavalcanti et al., 2007). Thus, various
antioxidant enzymes such as peroxidase (POX), superoxide dismutase (SOD) catalase (CAT) and ascorbate
peroxidase (APX) are participate in ROS metabolism during the pathogen attack. POX may be some of the
elements of the defense systems that are stimulated in plants in response to pathogen infection like Fusarium
oxysporum (Morkunas & Gmerek 2007). Increased in SOD activity has been implicated in pathogen-induced
HR development in plants, however, reduction in catalase activity have been observed during microorganism
induced HRs in plants (Delledonne et al., 2002).
In compatible or incompatible interactions between plants and microorganisms, salicylic acid, Jasmonic
acid and Shikimic acid-dependent pathways are involved in plant defense (Agrios 1997). Among them, shikimic
acid pathway has received much more attention due to secondary metabolites such as lignin, phenolic acids
and phytoalexins, which are responsible for adding mechanical rigidity and strength to cell walls and for
providing barriers to infection by pathogen (Hahlbrock et al., 2003; Tan et al., 2004; Conèeica et al., 2006).
Polyphenol oxidase (PPX) is involved in the oxidation of polyphenols into quinons (antimicrobial compounds)
and lignification of plant cells during microbial invation, and also may participate in the responding defense
reaction and hypersensitively by inducing plant resistance against fungi (Ray et al., 1998; Mohammadi & Karr
2002). Also, phenylalanine ammonia-lyase (PAL) may modulate the resistance of stress by regulating the
biosynthesis of phenolic compounds (W en et al., 2005). After the contact with the pathogen a series of
peptides and proteins are expressed and many of these compounds present direct antimicrobial properties
(Castro & Fonts 2005). Production of chitinase (PR-3) and B-1,3- glucanase (PR-2) have been considered
important in the biological control of soil borne pathogens because of their ability to degrade major component
of cell walls (Chitin and B-1,3-glucan, respectively) (Kasprzewska 2003; Blade et al., 2006; Cota et al., 2007).
Induction of disease resistance following treatment with active bioagent and/or chemical inducers has been
reported to provide protection against invation of pathogen in several plant species (Pozo et al., 2002; Zheng
et al., 2005). Bioagent arbuscular mycorrhiza (AM ) is characterized by specific morphological structures of
the fungus and the plant and by physiological adaptation which are mostly beneficial for both partners of the
symbiosis (Franken et al., 2007). The multualistic interaction between plants and arbuscular mycorrhizal (AM)
fungi is believed to be regulated from the plant side among other signals by the action of phytohormones
(Hause et al., 2007). Evidence for phytohormones function in the establishment of AM comes mainly from
application experiments or from altered endogenous levels observed during mycorrhization (Baker & Tagu
2000). Jasmonate could serve as a putative endogenous signal in mycorrhiza-induced ISR, remains to be
elucidated. Moreover, colonization by an arbuscular fungus leads to elevated levels of JA in plants and induced
gene expression JIP 2 3 , indicating that arbuscule formation is accompanied by JA production (Liu et al., 2003
; Hause et al., 2007). On the other hand, at a higher mycorrhizal colonization rate, the concentration of SA
was increased in barley roots, indicating that the systemic bioprotectional effect against pathogen in mediated
by SA (Khaosoad et al., 2007).
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The signal molecules Jasmonic acid (JA) and salicylic acid (SA) are endogenous plant growth substances
that play key roles in plant growth, development and response to stresses such as pathogen attack. Jasmonic
acid and its various metabolites are members of the oxylipin family. Many of them alter gene expression
positively or negatively in a regulatory network with synergistic and antagonistic effects in relation to other
plant hormones such as salicylate, auxin, ethylene and abscisic acid (W asternack 2007). Signal molecules are
involved in some signal transduction system, which induce particular enzymes catalyzing biosynthetic reactions
to form defense compounds such as polyphenols, alkaloides and pathogenesis-related proteins (Chong et al.,
2005). Exogenously applied of JA and SA have been shown to move systemically through plants, resulting
in the expression of a set of defense genes that are activated by pathogen injection ( Lu et al., 2006). The
development of acquired resistance by SA may be attributed at least partly, to the SA-induced phenyl alanineammonia lyase (PAL) gene expression and activation (W en et al., 2005).
Although induction of disease resistance using arbuscular mycorrhiza fungi or hormonal inducers
(JA& SA) separately is well documented, there is little information about the mechanism of defense when used
together. Thus, the objective of the present work was carried out to study the possible actions of the interaction
between AM fungi and hormonal elicitors in the induced defense mechanisms in tomato plants against
Fusarium wilt disease. Thus changes in various physiological defenses including antioxidant enzymes, phenolic
compounds and pathogenesis related (PR) proteins were investigated in leaves of infected tomato plants.
M ATERIALS AND M ETHODS
Tomato Seeds (Lycopersecon esculentum L.CV) after sterilization and drying were grown in large pots
containing sterilized sandy loamy soil (2: 1 w/w) for 15 days. Then uniform seedlings were selected and
transplanted to clay pots (5 seedling/pot) containing 10 kg of sterilized sandy loamy soil (1: 2 w/v). Pots and
were divided into 7 groups (6 pots/group) and treated as the following:
C
C
C
C
C

Plants of the 1 st group were left without any treatments to serve as healthy control.
Plants of the 2 n d group were infected with Fusarium oxysporum to serve as infected control.
Plants of the 3 rd group were inoculated with AM fungi at the time of transplanting and infected with
Fusarium oxysporum to serve as bioagent treatment.
Plants of the 4 th and 5 th groups were infected with Fusarium oxysporum and sprayed 3 times with JA and
SA, respectively, to serve as hormonal elicitor treatments.
Plants of 6 th and 7 th groups were inoculated firstly with AM fungi at the time of transplanting and with
JA and SA, respectively, to serve as bioagent and hormonal elicitor treatments.

AM Fungi and Fusarium Inoculation:
The arbuscular mycorrhiza species, Glomus mosseae (500 spore/pot) were placed 2-3 cm below the
planting holes at the time of transplanting. W hile infection with Fusarium oxysporum was carried out after 2
weeks from transplanting time. Each pot was inoculated with 10ml of Fusarium culture suspension (10 7
cfu/ml).
Hormonal Elicitor Treatments:
At the time of Fusarium oxysporum infection, plants were sprayed once a week for 3 weeks with 50 ìM
JA or 100ìM SA solution. T ween- 20 was added (0.01%) as a surfactant to hormone solution. All plants were
sprayed until runoff.
Plant Harvest and Analysis:
Five plants from each treatment were harvested at three different stages (14, 28 and 42 days from pathogen
inoculation). Leaves were separated from plants and used for various biochemical analysis.
Biochem ical Measurem ents:
Assay of Reactive Oxygen Species (ROS) and Lipid Peroxidation:
The H 2 O 2 content was measured according to Jana & Choudhuri (1981). Plant tissue (0.5g) was
homogenized in 3ml of Na phosphate buffer (50 mM , pH 6.5) and centrifuged at 6000 x for 25 min. 3 ml of
solution was mixed with 1 ml of 0.1% titanium chloride in 20% (v/v) H 2 SO 4 . The intensity of yellow color
was measured at 410 nm. Determination of superoxide radicle (O 2 .-) generated by leaves was based on the
reduction of nitroblue tetrazolium (NBT) according to the method described by Doke (1983). Five leaf discs
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(0.5 cm- diameter) were measured in 3 ml 0.01 M Na. phosphate buffer pH 7.8 containing 0.05% NBT and
10 mM NaN 3 for 1h. 2 ml samples of the mixture were heated at 85°C for 15 min and then cooled. The NBT
reduction activity of the discs was expressed as increased in absorbance at 580 nm h -1 g -1 f. wt.
According to Heath & Packer (1968), level of lipid peroxidation was measured as the amount of
malondialdhyde (MDA), which reacted with thiobarbituric acid (TBA) to form TBA-MDA complex and
measured at 532 and 600 nm. Total MDA equivalents were calculated according to the following equation:
Total MDA (nmol g -1 f. wt) =
Amount of Ext. buffer(ml) X amount of supernatant (ml) x [Abs532 - Abs660/155] x 10 3
--------------------------------------------------------------------------------------------------------------------Amount of sample (g)
Enzyme Extraction and Activity Assay:
Frozen leaves were crushed to a fine powder in a mortar under liquid nitrogen. Soluble proteins of
antioxidant enzymes were extracted in 50 mM of K. phosphate buffer (pH 7.0), 0.1mM EDTA, 4%
polyvenylpyrrolidone (PVP) and 0.2mM ascorbic acid. After centrifugation at 10,000 x for 10 min at 4°C, the
supernatant were used for assay of antioxidant enzymes. For LOX extraction, Na. phosphate buffer (0.2 M
pH 6.5) containing 1% PVP, 15 mM /L mercaptoethanol and 0.25% Trition x-100 was used. W hile
phenylalanine ammonia-lyase (PAL), B-1, 3-glucanase and chitinase were extracted using 0.1 M of Na. borate
buffer (pH 7.0), sodium acetate buffer (0.5 M, pH 5.0) and 0.1 M sodium citrate buffer (pH 5.0), respectively.
Enzym e Assays:
Antioxidant Enzym es:
Guaiacol peroxidase (GPx) activity was measured by monitoring the increase in absorbance at 480nm as
guaiacol reduction method according the method of Zhang (1992). The activity of superoxide dismutase (SOD)
was assayed by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolum(NBT) using
the method of Beauchamp|& Fridovich (1971). One unit of SOD was defined as the amount of enzyme
required to cause 50% inhibition of NBT reduction measured. CAT activity was determined by following the
consumption of H 2 O 2 at 240 nm for 2 min in 3 ml of a resection mixture containing 100 mM K. phosphate
buffer pH 7.0 and 20 ìL of 30% H 2 O 2 and 30ìL enzyme extract (Rao et al., 1996). Ascorbate peroxidase
(APX) activity was determined also according to the method described by Rao et al., (1996). APX activity
was recorded by following the decrease in A290 for 3 min in 1 ml of reaction mixture containing 100mM
phosphate buffer pH 7.5, 0.5 mM ascorbate and 0.2 mM H 2 O 2 and 30 ìL enzyme extract. Following the
method of Chen et al., (2000) activity of polyphenol oxidase (PPO) was assayed by adding 1 ml of enzyme
extract to 2 ml of catechol as a substrate and the changes in absorbance at 398 nm measured immediately.
Lipoxygerase (LOX) activity:
Activity of LOX was measured according to the method of Borthakur et al., (1987). Linoleic acid was
used as substrate for LOX assay which was prepared according to the method of Axelrod (1974). The reaction
mixture contained 2.7 ml of 0.2 Na. phosphate buffer (pH 6.5) and 0.3 ml of substrate. The reaction was
initiated by adding the enzyme extract and the change in absorbance at 234 nm was recorded for 3 min at
25°C. The specific activity was expressed as a change in the absorbance g -1 f wt-1 min -1 .
Assay of Phenylalanine-am m onia Lyase Activity (PAL):
Activity of PAL was measured according to the method of Assis et al., (2001) with slight modifications.
1 ml of enzyme extract was incubated with 2 ml of borate buffer (50 mM, pH 8.8) and 1 ml of
L-phenylalanine (20mM ) for 60 min at 37°C. The reaction was stopped with 1ml of 1M HCl. The assay
mixture was extracted with 3ml of toluene by vortexing for 30 sec. T he absorbance of toluene phase containing
trans-cininamic acid was measured at 290nm. Enzyme activity was expressed as nmol trans-cinnamic acid
released h -1 g -1 f.wt.
B-1, 3-glucanase and Chitinase Activities:
Total B-1, 3-glucanase activity was calorimetrically assayed by the laminarin dinitrosalicylate method
(Pan et al., 1991). The reaction mixture was prepared by mixing 62.5 ìL of 4% laminarin and 62.5 ìL of
enzyme extract and incubating at 40°C for 30 min. the reaction was stopped by adding 375 ìL of
dinitrosalicylic acid reagent (prepared by adding 300ml of 4.5% N aOH to 880 ml containing 8.8g of
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dinitrosalicylic acid and 22.5g K . Na tartarate) with subsequent heating for 5 min in a boiling water bath. The
resulting colored solution was diluted with 4.5 ml of distilled water and vortexed. Products released were
estimated for reducing groups at 500 nm. The enzyme activity was expressed as 1 nmol of reducing substances
min -1 g -1 f.wt.
Chitinase activity was assayed by increasing the release of product sugars from colloidal chitin
(Tweddell et al., 1994). A reaction mixture containing 1 ml of enzyme extract and 1 ml of colloidal chitin (2%
w/v) in 50 mM Na. acetate buffer (pH 6.8) was incubated in a water bath for 60 min at 50°C. The released
reducing sugar was measured by the somogyi-Nelson method (Somogyi 1952). Chitinase activity was expressed
as 1 nmol of reducing sugars h -1 g -1 f.wt.
Extraction and Analysis of Phenolic Com pounds:
Frozen leaves (1g) was homogenized with 10 ml of 80 methanol and the extract left for 24 h at room
temperature before centrifugation at 15.000 g for 10min. (Swain & Hillis 1959). One ml of the methanolic
extract was added to 5ml of distilled water and 250 ìL of Foline-ciocalteu reagent, and the solution was kept
at 25°C for 3min. Then 1 ml of a saturated solution of Na 2 CO 3 and 1ml of distilled water were added, and
the mixture was incubated for 1h at 25°C. The absorption of the developed blue color was measured using
spectrophotometer at 725nm. The total phenolic content was calculated by comparison with a standard curve
obtained from a foline reaction with phenol. On the other hand, various phenolic acids in tomato leaves were
determined using HPLC according to Singh et al., (2002). Phenolic acids present in the samples were identified
by comparing retention time (RT) of standards and by conjection. Concentrations were calculated by comparing
peak areas of reference compounds with those in the samples run under the same elution conditions.
Protein Analysis:
Frozen leaves were extracted in 50 mM Tris- HCl (pH 7.0) buffer contained 10mM Na. EDTA, 5% Bmercaptoethanol and 10% glucerol. Protein fractions were characterized and identified using one dimensional
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SPS-PAGE) according the method of Laemmli
(1970). Proteins and molecular mass markers were visualized by staining with coomassie brilliant blue R-250
(0.5 g/L) and destained with 5% methanol/acetic acid mixture. The destained gel was photographed using a
laser densitometer.
Statistical Analysis:
The recorded data were treated statistically using the one way analysis of variance as descrided by
Snedecor & Cochran (1961). The means were compared by L.S.D using SPPS program version 8.
RESULTS AND DISCUSSIONS
Changes in Hydrogen Peroxide (H 2 O 2 ) and superoxide (O -2 ):
The production of reactive oxygen species (ROS) is one of the earliest cellular responses following
successful pathogen recognition (Grant et al., 2000b). As shown in Table 1, infection by Fusarium oxysporum
(Fo) significantly increased levels of H 2 O 2 and O - 2 production in tomato leaves, and its levels increased with
increasing the time of infection (H 2 O 2 and O 2 •- levels increased by 439.0 and 647.0% ,respectively, after 42
days from infection). W here, ROS was considered as the first defense line against pathogen and may act as
direct antimicrobial agent against phyto pathogen attack (M alolepsza & Rozalska 2005; Torres et al., 2006;
Shetty et al., 2007). Therefore, high production of H 2 O 2 and O 2 •– in tomato leaves is an important element
of disease resistance mechanism which are involved directly or indirectly in restricting pathogen growth and
giving the time for plants to mobilize further defense reactions. Also accumulation of its levels may be related
to the accelerated senescence and decreased in photosynthesis in infected tomato leaves as observed by ElKhallal (2007).
Application with bioagent AM fungi and/or hormonal elicitor JA markedly decreased levels of H 2 O 2 and
O 2 •– in tomato levels throughout the experiment, as compared with infected control. Unlike this, treatment with
SA especially when applied alone markedly increased ROS production (Table 1). Induction or suppression of
ROS generation in leaves of these treatments could be related to the activitiy of antioxidant enzymes
(Table 2), which decreased levels of H 2 O 2 (either by direct decomposition or oxidation) and O 2 •– (by
its dismutation).Thus, SA-mediated inactivation of H 2 O 2 - degrading enzymes further enhance invoke
hypersensitive cell death (Rao et al., 1997). ROS was proposed to act synergistically in a signal amplification
loop with SA to drive the HR and the establishment of systemic defence (Draper 1997). Also, JA induced
H 2 O 2 production in tomato (Orozcen-Cardenas et al., 2001) and pepper (Ueeda et al., 2006), which triggers
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Changes in the levels of hydrogen peroxide (H 2 O 2 ) and superoxide anion (O 2 .-) in leaves of tom ato plants infected with
Fusarium oxysporum (Fo) and treated with AM fungi and horm onal elicitors (JA& SA ) alone or in com bination.
H 2 O 2 (μm ol g -1 fresh wt.)
O 2 .- (O D 5 60 -1 fresh wt. h -1 )
----------------------------------------------------------------------------------------------------------------------D ays after pathogen inoculation
Treatm ent
------------------------------------------------------------------------------------------------------------------------------------------------14
28
42
14
28
42
Control
0.87a
1.22a
1.93a
0.07a
0.12a
0.38a
Fo
3.19b
6.49b
11.02be
1.08b
1.58b
2.88b
Fo + AM fungi
2.68c
5.77c
6.62c
0.85c
1.41c
1.49c
Fo + JA
2.95d
6.03c
8.66d
0.75d
1.22d
1.40d
Fo + SA
4.89e
8.91e
11.88e
0.67e
1.43c
1.66e
Fo+ AM fungi + JA
2.66c
3.42f
4.97f
0.63e
1.20e
1.12f
Fo+ AM fungi + SA
3.88f
5.72c
10.44b
0.73f
1.19d
1.25g
LSD at 5 %
0.14
0.54
1.55
0.047
0.09
0.09
Values in colum ns with the sam e letters are not significantly at p> 0.05
Table 1:

expression of plant resistant and H R – related genes. On the other hand, AM fungi can elicit defense responses
mediated by enhencing JA and SA signals in AM-treated plants. Thus, our results suggested that the high
production of ROS (H 2 O 2 and O 2 •– ) and the capacity of plants to controlled its concentrations might contribute
to increased resistance against Fusarium oxysporum attack and giving the time for plants to mobilize further
defense reactions. W here ROS have been involved in plant defense responses in several ways: a) reinforcing
plant cell-wall through cross-linking reactions of lignin and proteins, b) acting as toxic agents against either
the host plant cells, with development of HR and SAR, or against the pathogen through killing them or
stopping their growth, and c) participating as a second messengers in signaling routes leading to the activation
of plant defense related genes ( Shinogi et al., 2003 and Shimizu et al.,2006).
Changes in Lipid Peroxidation and Lipoxygenase Activity:
ROS (H 2 O 2 and O 2 •– ) activity is frequently to cause membrane damage through peroxidation of fatty acids,
which concided with a high activity of lipoxygenase (LOX) in tomato leaves as the results of Fusarium
oxysporum infection (Table 2). Levels of MDA and LOX activity gradually increased in leaves of infected
tomato plants with increasing the time of infection. In plants of AM fungi and hormonal elicitors (JA and SA)
treatments, MDA levels markedly decreased while LOX activity greatly increased as compared with infected
control. Among these treatments SA- treated plants had the highest MDA level but JA + AM fungi treated
plants recorded the highest LOX activity. W hen plants are subjected to pathogen attack, the equilibrium
between production and scavenging of ROS is broken, resulting in oxidative damage of proteins, DNA and
lipids. MDA is the marker for lipid peroxidation released from cellular membranes of tissues and are formed
by the reaction of ROS (H 2 O 2 or/and O 2 •– ) with lipid molecules (Shimize et al., 2006). Thus, lipid peroxidation
in tomato plants has been proved to be induced by pathogens, and the subsequent products have been shown
to passes antibacterial properties (Croft et al., 1993) and signaling function (Melan et al., 1993).
Changes in the levels of lipid peroxidation (as indicated by m alondialdehide, M D A ) and lipoxygenase (LO X) activity in leaves
of tom ato plants infected w ith Fusarium oxysporum (Fo) and treated with AM fungi and horm onal elicitors (JA& SA ) alone
or in com bination.
M D A (μm ol g -1 fresh wt.)
LO X activity (μm ol products m in -1 g -1 fresh wt.)
-------------------------------------------------------------------------------------------------------------------------------D ays after pathogen inoculation
Treatm ent
----------------------------------------------------------------------------------------------------------------------------------------------14
28
42
14
28
42
Control
2.93a
3.79a
3.99a
13.05a
17.21a
21.20a
Fo
5.59b
7.44b
11.59b
18.55b
25.20b
32.15b
Fo + AM fungi
4.17c
4.72c
7.14c
21.90c
34.20c
48.90c
Fo + JA
4.67d
5.77d
8.59d
26.00d
36.75d
55.95d
Fo + SA
4.47c
5.41e
7.36e
21.35c
28.10e
42.40e
Fo+ AM fungi + JA
4.40c
5.09f
6.43f
28.81e
39.70f
63.60f
Fo+ AM fungi + SA
4.22e
5.01f
6.21g
22.00c
31.15g
48.20c
LSD at 5 %
0.38
0.19
0.20
1.86
1.98
3.60
Values in colum ns with the sam e letters are not significantly at p> 0.05

Table 2:

However, reduction in lipid peroxidation in infected plants treated with AM fungi plus JA might be related
to the high activity of antioxidant enzymes (Fig 1), which preventing accumulation of free radicals, and
consequently membrane damage. However, SA-mediated inactivation of H 2 O 2 –degrading enzymes (CAT and
APOX) further enhance the cellular free radical concentration that invoke hypersensitive cell death. It is appear
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Fig. 1: Changes in the activities of SOD, APOX and CAT in leaves of tomato plants at different stages of
growth, infected with Fusarium oxysporum (Fo) and treated with AM fungi and hormonal elicitors
(JA&SA) alone or in combination.
that SA enhances H 2 O 2 - production to alter the cellular redox state and to provide an atmosphere that favors
the generation of SA free radicals (SA *) to initiate lipid peroxidation, hypersensitive cell death and the
activation of several other defense mechanisms (Raw et al., 1997). Also, Vernooig et al., (1994) suggest that
a specific SA-generated lipid peroxide is the translocated signals that invokes PR genes, because SA has been
shown to be essential for the establishment of SAR but is not the translocated signals. In general, these results
appears that AM fungi and hormonal elicitors may be requires H 2 O 2 to potentate lipid peroxidation, induce PR
genes and then establish SAR.
Lipoxygenase (LOX) has been implicated in the generation of ROS and play an important role in induced
disease resistance and show significant antifungal activity against Fusarium oxysporum (Croft et al., 1993,
Kolomiets et al., 2000; Babitha et al., 2004; Huang et al., 2005). It seems that the beneficial affects of either
bioagent AM fungi or hormonal elicitors (JA and SA) could be partly due to changes in LOX activity in
tomato leaves contributing to induced disease resistance and then antimicrobial activity. On the other hand,
increased in LOX activity in mycorrhizal plants might be linked to the increased levels of JA (Hause & Fester
2005) which enhanced defensive capacity conferred by mycorrhization. Thus, various elements of induced
systemic resistance have been observed in AM-treated plants, which seems-in contrast to SAR- to be dependent
on the LOX products especially JA (Stumpe et al., 2005).
Changes in the Activity of Antioxidant Enzym es:
Organisms protect themselves against oxidative stress by the synthesis of various antioxidant enzymes.
Results in Fig.1 showed that infection by Fusarium oxysporum significantly increased SOD, APX and CAT
activities in leaves of tomato plants at different stages of growth as compared with non-infected control.
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Treatments with AM fungi and JA markedly raised these activities and the highest activity was recorded
when applied together. But treatment with hormonal elicitor SA especially when applied alone markedly
decreased H 2 O 2 scavenging enzymes (APX and CAT) and greatly increased SOD activity.
From our result, we recorded that greater increase in the activity of antioxidant enzymes especially in AM
plus JA-treated plants might be affective in scavenging mechanism to remove H 2 O 2 and O 2 •– produced in leaves
under Fusarium oxysporum infection. In banana plants, Subramaniam et al., (2006) reported that levels of H 2 O 2
and other enzyme activities were increased to the levels of tolerance or susceptibility to Fusarium wilt disease.
On the other hand, accumulation of H 2 O 2 (Table 1) in plants of infected control and SA-treated plants could
be related to the increased in SOD activity and not coordinates with the same increase in H 2 O 2 - scavenging
enzyme (CAT and APOX). According that increase in CAT and APX activity in pathogen infected plants did
not seem to be high and/or enough to avoid the development of disease symptoms. Durner and Klessing (1996)
have presented evidence suggesting that SA-mediated inhibition of CAT and APX probably results from
peroxidative reactions. It appears that SA requires H 2 O 2 to potentate lipid peroxidation (Table 2) as
translocation signal that invokes PR genes and establish SAR (Rao et al., 1997). Finally, results in Tables 1
& 2 and Fig.1 suggested that increased in levels of ROS, built up by either enhanced production and decreased
scavenging potential, may contribute to the resistance reaction in tomato against Fusarium wilt. Finally,
imbalance between H 2 O 2 –generation and scavenging enzymes in leaves may reflect a defense mechanism in
tomato or a pathogenicity strategy of the fungus.
Changes in Phenolic Com pounds and its Related Enzym es:
Many plant phenolic compounds are known to be antimicrobial, function as precursors to structural
polymers such as lignin, or serve as signal molecules (Hammerschmidt 2005). Results in Table 3 showed that
total phenolic compounds markedly increased in leaves of all treated tomato plants at 42 days from pathogen
inoculation. JA when applied alone or in combination with AM fungi having the highest total phenol.
Increasing evidence indicates that JA induced changes in secondary metabolism constitute an ubiquitous plant
defense response (Zhao et al., 2005). Recently, a 6-fold increase in phenolic compounds was observed in
Hypericum perforatum cells suspension after JA elicitation (Gadzouska et al., 2007).
However, levels of certain phenolic acids greatly changed in leaves of tomato plants in response to
pathogen inoculation, AM fungi and hormonal elicitors as compared with normal control. Benzoic acids and
Galleic acids contents markedly decreased in all treatments under pathogen infection. Among these treatments,
JA and SA-treated plants, when applied alone having high levels of Benzoic and Galleic acids, respectively.
However, contents of coumaric, cinnamic, chlorogenic and ferulic acids in all treatments of Fusarium tomato
plants increased as compared with non-infected control. JA individually or plus AM fungi highly increased
these phenolic as compared with those of SA and/or AM fungi treatments. According that induction of total
phenol and changes in the contents of various plenolic acids in leaves of all treatments which play an
important role in plant resistance and defense against Fusarium oxysporum infection, which are intimately
connected with ROS (Table 1). These results agree with the general speculation that when plant cells are
recruited into infection, switch from normal primary metabolism to a multitude of secondary metabolism
defense pathway and activation of novel defense enzymes and genes takes place (Tan et al., 2004). Also, rapid
esterification of phenolic compounds as cinnamic and ferulic acids into plant cell walls is a common and early
response to fungal attack, resulting in cell strengthening and then enhances resistance to pathogen penetration
(Stadnik & Buchenouer 2000). High accumulation of cinnamic acid in JA and SA, -AM fungi treated plants
(Table3), might be related to the activation of phenyl propanoid pathway through increased in PAL activity
(Fig.2) which reflect a component of a defense response of the plant against Fusarium oxysporum penetration.
However, induction in ferulic and chlorogenic acids in infected leaves indicated that both acids are highly
antifungal (Agrios 1997), supported its role in reducing disease through the formation of defense barriers and
activation of defense responses. Although benzoic acid was more effective and greatly phytotoxic against soil
borne root infecting fungi, its content decreased in leaves of various treatments of tomato plants and this might
be because BA converted to both bound SA and gentisic acid (Schulz et al., 1993; Belles et al., 1999).
In parallel to the induction of various phenolic acids in tomato leaves , results in Fig.2 showed that
activities of POX, PPX and PAL significantly increased in tomato plants in response to Fusarium oxysporum.
JA-treated plants (alone or combined with AM fungi) caused the highest POX and PPX activities, while SAtreated plants having the highest PAL activities. POX and PPX are important in the defense mechanism against
pathogens, through its role in the oxidation of phenolic compounds to quinines, causing increasing in
antimicrobial activity. Therefore, its may be directly involved in stopping pathogen development (Shimizu 2004;
M elo et al., 2006); accelerating the cellular death of cells close to the infection site, preventing the advance
of infection and/or by generating a toxic environment which will inhibit the growth of the pathogen inside the
cells (Bi & Felton 1995).
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Changes in the contents of total phenol and som e phenolic acids(μg -1 fw) in leaves of tom ato plants (42 days after pathogen
inoculation) treated with bioagnet AM fungi and/or horm onal elicitors (JA & SA ) and grow n in Fusarium oxysporum (Fo)
pathogenized soil.
Treatm ent
Total phenolic acids
Benzoic acid Coum aric acid Galleic acid Cinnam ic acid Chlorogenic acid Ferulic acid
Control
330
20.5
19.2
54.1
13.2
7.5
8.5
Fo
394
11.6
35.1
31.8
25.2
10.8
11.6
Fo+AM fungi
460
12.8
42.6
12.2
36.1
12.4
13.8
Fo+JA
605
21.5
71.5
22.4
44.3
18.4
12.6
Fo+SA
527
6.55
52.8
26.0
38.5
15.6
16.4
Fo+JA+AM fungi
916
13.3
89.0
14.0
44.6
21.5
25.0
Fo+SA+AM fungi
680
8.8
73.4
17.6
39.2
17.3
22.7

Table 3:

Fig. 2: Changes in the activities of G POX, PPX and PAL in leaves of tomato plants at different stages of
growth, infected with Fusarium oxysporum (Fo) and treated with AM fungi and hormonal elicitors
(JA&SA) alone or in combination.
On the other hand, increase in PAL activity in tomato leaves is a common plant reaction to pathogen and
has often been related with some forms of resistance induced by JA (Ye et al 2006), SA (Chen et al., 2006)
and AM fungi (Zheng et al., 2005) in different plants. Also high activity of PAL in SA-treated plants (alone
or plus with JA) indicated that the development of acquired resistance by SA may be attributed at least partly,
to the SA induced PAL gene expression and activation. W here, SA could activate PAL by enhancing the
accumulation of PAL mRNA, the synthesis of new PAL protein and its activity and consequently enhances
the accumulation of phenylpropanoids such as phenolic acids (Chen et al., 2006). Finally, our results suggested
that phenyl propanoid compounds are more rapidly synthesized in leaves of infected tomato plants especially
treated with hormonal elicitors plus bioagent. Thus accumulation of phenolic compounds and high activity of
lignifications enzymes in these plants may reflect a component of many defense signals activated by bioagent
and hormonal inducers which leading to the activation of power defense system in tomato against Fusarium
oxysporum attack.
Changes in the Activities of â-1, 3-glucanase and chitinase:
â -1,3 glucanase and chitinase had been related with plant defense mechanism against pathogen infection
through its ability to degrade fungal cell walls. Results in Fig.3 cleared that infection of tomato plants with
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Fig. 3: Changes in the activities of ß-1,3 glucanase and chitinase in leaves of tomato plants at different stages
of growth, infected with Fusarium oxysporum (Fo) and treated with AM fungi and hormonal elicitors
(JA&SA) alone or in combination.
Fusarium oxysporum significantly increased activity of â -1, 3-glucanase and chitinase, these increments
gradually increased with increasing the time of infection. In comparison between treatments, JA alone or in
combination with AM fungi caused highly significant increase in â -1,3 glucanase through different stages of
growth, while treatment with SA plus AM fungi at stage III (42days after pathogen inoculation) recorded the
highest chitinase activity. The same results were recorded by Blade et al., (2006), they found that a relationship
between chitinase and melon resistance to Fusarium oxysporum infection, and the resistance is associated with
certain isoform of these enzymes
â -1,3-glucanase and chitinase hydrolyze polymers of fungal cell walls, where fragments of cell wall were
shown to induce defense reaction in plants by switching on genes responsible for the synthesis of pathogen
related proteins (Shunja, et al., 2007). Also, combination between JA or SA and bioagent Cryptococcus
laurentic strongly induced chitinase and â -1,3-glucanase in sweet cherry (Yao & Tian 2005). Moreover,
induction in these enzymes in tomato leaves as the result of AM colonization could play a role in
bioprotection through working together against pathogen invading. This could be exerted indirectly by
releasing oligosaccharides from the pathogen cell wall that could elicit host defense reactions (Pozo et al.,
1999; Buzi et al., 2004).
Changes in Protein Profile and Induction of Pathogen-related Proteins (PR-Ps):
The SDS-PAGE electrophoretic pattern of proteins extracted from tomato leaves of various treatments are
shown in photo1. The relative molecular weights and percentages of protein bands are recorded in Table 4.
Results appeared that protein bands of molecular masses 65.0, 16.3 and 12.5 KDa which detected in proteins
extracted from leaves of non-infected tomato plants (healthy control) were disappeared in proteins of tomato
leaves in response to Fusarium infection, AM-fungi and both hormonal elicitors. Inoculation with AM fungi
induced the appearance of especial 3 protein bands having molecular masses 64.0, 50.0 and 12.7 KDa in leaves
of infected tomato plants and was not excited by JA and SA individually or in combination with AM-fungi.
However, a set of seven new proteins (120, 70, 33.0, 22.0, 18.6, 4.5 and 4 KDa) were recorded in proteins
extracted from leaves of plants treated with AM fungi and/or JA and SA. The highest relative concentrations
of these bands were found in AM fungi plus JA-treated plants.
Treatments with JA and SA (alone) induced the appearance of novel proteins having 30.5, 3.0 and 7KDa,
but when applied with AM fungi, protein bands of molecular weights 62, 32, 9 (AM fungi + JA), 31.0 and
5.0 (AM fungi +SA) were induced in tomato leaves. In addition, a set of 13 protein bands of molecular masses
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112.9, 88.6, 81.8, 53.6, 46.0, 37.0, 26.6, 21.0, 15.0, 11.5, 9.2, 7.7 and 6.0 KDa were found in proteins of all
treatments and were considered as main bands (these bands were not recorded in Table 4).
Our results revealed that inhibition or induction of a number of regulatory proteins are implicated to
enhance plant defense response in different ways and might be reflect strategies of bioagent and/or hormonal
Table 4:

M .wt
142.0
120.0
70.0
65.0
64..0
62.0
50.0
33.0
32.3
31.0
30.5
22.0
18.0
16.3
13.0
12.7
12.5
9.0
7.0
5.0
4.5
4.0

Com parative analysis of relative m olecular weights and band concentrations (% ) of the different types of protein bands in leaves
of tom ato plants (42 days after pathogen inoculation) infected with Fusarium oxysporum (Fo) and treated with AM fungi and/or
horm onal elicitors (JA& SA).
Control
Fo
Fo+AM Fungi
Fo+JA
Fo+SA
Fo+AM Fungi+JA
Fo+AM Fungi+SA
0.34
0.92
0.87
0.93
1.94
0.34
0.75
2.5
1.26
3.28
2.86
4.06
3.81
3.6
2.01
2.36
1.7
4.2
2.01
2.45
1.63
2.78
2.64
1.34
2.67
0.92
1.86
1.32
0.96
1.41
1.85
2.31
3.8
2.81
0.33
2.44
2.7
1.97
0.42
0.26
0.17
0.42
0.32
1.31
3.21
4.82
1.2
1.3.4
0.84
1.1
0.36
1.5
1.95
1.85
1.3
7.33
2.7

Photo1: Electrophoretic protein pattern of tomato leaves infected with Fusarium oxysporum (Fo) and treated
with bioagent AM fungi and/or hormonal elicitors (JA&SA).
elicitors to reinforce tomato defense against Fusarium wilt disease. Therefore, induction of protein bands of
molecular weights 35, 33, 32, 31 (PR-2, â -1, 3 glucanase), 30.5 and 27 (PR-3,-4, chitinase) (Fig. 3) and its
high activities in these treatments indicated the important role which played in plant resistance. Application
of JA and SA coordinary activated transcripts of different groups of defense proteins including transcript of
chit, chit 3 and glu 2 and reduced common bunt infection (Lu et al., 2006). Â-1, 3-glucanase with molecular
weights 31 and 35 KDa markedly increased in wheat leaves after treatment with JA and SA. Also, mycorrhizal
fungi induced new isoform of chitinase, chitosanase and glucanase in tomato roots, and were suggested to be
responsible for reduced disease symptoms upon Phytophthora parasitica infection (Pozo et al., 1998). However,
induction of low molecular weights proteins (5, 4.5 and 4 KDa) in leaves of AM fungi and/or hormonal
elicitors (JA and SA) under Fusarium oxysporum infection might belongs to thionins family (PR-13 and 5
KDa) and presenting toxic effect against bacteria, fungi and yeast (Pennickx et al., 1998). Thionin protein in
plants might play a role in altering cell wall upon penetration of the epidermis by fungal hypha and act as a
secondary messenger in signal transduction (Florack & Stiekema 1994). Expression of thionine gene was
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triggered by JA (Anderson et al., 1992). On the other hand, accumulation of 22 KDa protein (PR-5,
Thaumatin-like proteins TLPs) in AM plus JA or SA-treated plants greatly exhibited antifungal activity against
a variety of pathogenic fungi are postulated to play a role in enhanced plant disease resistance (Velazhahan
& Muthukrishnan 2003 and 2004). Finally, appearance of 70 KDa proteins in these plants represents one
of the Ca 2 + -dependent kinase (CDPK) which acts as a signal protein in resistance mechanisms
(Romeis et al., 2000). However, absence of this protein in tomato plants of Fusarium oxysporum (infected
control) may retard the triggering of resistance gene transcription which leads to pathogen-related proteins as
reported by Nafie 2003.
From these results we concluded that interaction between hormones (JA& SA) and AM fungi signals
mediated the expression of the majority of different PR-proteins leading to increasing defense mechanism
against Fusarium oxysporum infection. Thus, reduction in wilt disease symptoms and enhancing in growth and
metabolic activities in tomato plants treated with AM fungi and/or hormonal elicitors (El-Khallal 2007) might
be related to its roles in the activation of biochemical and structural defense systems that helps word off the
spread of pathogen and consequently increase tomato production. Finally, the new mechanism of the
combination strategy between bioagent and hormonal signals (either synergistically or antagonistically) played
important role for altering expression of defense genes leading to different PR-proteins and also working
together to increased resistance in tomato plants against wilt disease caused by F.oxysporum. In addition,
results revealed that defense mechanism in plants treated with AM fungi and JA are more effective than AM
fungi plus SA- treated plants.
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