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Abstract This study aimed to examine the induction of

defense responses in tomato elicited by Methylobacterium

oryzae CBMB20 as a consequence of reduced stress eth-

ylene level possibly through its ACC deaminase activity.

Significantly increased activities of pathogenesis-related

(PR) proteins and defense enzymes such as b-1,3-glucan-

ase, phenylalanine ammonia-lyase, peroxidase and

polyphenol oxidase were noted in M. oryzae CBMB20

pretreated and challenged with Pseudomonas syringae pv.

tomato (Pst) compared to either control or M. oryzae-

treated tomato plants in both growth chamber and green-

house conditions. Increased PR proteins and defense

enzyme activities were correlated with the reduction of

stress ethylene level. M. oryzae CBMB20 reduced the

stress ethylene level about 27% and 55% when challenged

with Pst, in growth chamber and greenhouse on day 7

respectively and the effect was comparable to that of the

chemical ethylene biosynthesis inhibitor AVG, L-a-(2-

aminoethoxyvinyl)-glycine hydrochloride. As a conse-

quence of reduced stress ethylene level and its effect on

defense response in crop plants, the disease severity was

reduced 26% in M. oryzae CBMB20-treated plants chal-

lenged with pathogen. Therefore, inoculation of M. oryzae

CBMB20 would induce the defense enzymes and contrib-

ute to the enhanced resistance of tomato plants against the

pathogen Pst.
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Introduction

Tomato (Lycopersicon esculentum Mill L.) is one of the

most important vegetable crops of South Korea, cultivated

over a 5,624 ha area under greenhouse conditions. Ninety

nine percent of the tomatoes produced in Korea are

exported to Japan (Ministry of Agriculture, Nature and

Food quality, Republic of Korea 2006). Bacterial speck

disease caused by Pseudomonas syringae pv. tomato,

decreases production under greenhouse conditions despite

its moderate economic importance to tomato production

(Bashan and de-Bashan 2002). Earlier studies have dem-

onstrated the efficacy of chemical sprays against bacterial

speck of tomato caused by Pseudomonas syringae pv.

tomato. However, use of agrochemicals to combat plant

pathogens is environmentally and economically not benign,

in addition to causing resistance development in pathogens

and reduction in the beneficial organism population (Glick

and Bashan 1997). Therefore, biological approaches as an

alternative strategy for the use of synthetic chemicals to

manage diseases of crop plants are receiving more

attention.

Bio-control agents, mainly bacterial inoculants are

believed to induce systemic defense responses in the plants

besides other mechanisms including direct antagonism,

antibiosis and siderophore production. Induction of defense

responses by plant-growth-promoting bacteria (PGPB) is

largely associated with the production of pathogenesis-

related (PR) proteins like b-1,3-glucanase and the defense

enzyme phenylalanine ammonia-lyase (PAL 4.3.1.5) and

oxidative enzymes like peroxidase (PO) and polyphenol
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oxidase (PPO) (Compant et al. 2005). However, increased

activities and accumulation of these enzymes depends

mainly on the plant hormone ethylene (Boller 1991; Chen

et al. 2003). Ethylene emission is an early response of

plants to pathogen attack and it has been suggested that it

acts as a signal for defense response during plant-microbe

interactions (Fig. 1). On the other hand, timing of increased

ethylene emission is paralleled with the development of

disease symptoms in crop plants (Chen et al. 2003). The

chemical ethylene biosynthesis inhibitor AVG is used to

reduce the ethylene levels and eventually the disease

symptoms. It is established that PGPB possessing 1-am-

inocyclopropane-1-carboxylate deaminase activity (EC

3.5.99.7) could reduce the stress ethylene level through the

hydrolytic cleavage of the ethylene biosynthesis precursor

1-aminocyclopropane-1-carboxylate (Glick et al. 1998;

Madhaiyan et al. 2006a) and yet be able to maintain the

ethylene level sufficient for biological processes till the

later stage of crop growth, thus reducing the disease

symptoms in crop plants as proposed in Fig. 1 (Robison

2001; Wang et al. 2000).

The genus Methylobacterium of class alphaproteobac-

teria, sometimes referred as pink pigmented facultative

methylobacteria (PPFMs) are a physiologically interesting

group of bacteria, able to grow on methanol, methylamine

as well as on a variety of C2, C3 and C4 compounds (Lid-

strom 2001) is receiving more attention as PGPB. Several

beneficial aspects such as stimulation of seed germination,

plant growth promotion, production of phytohormones and

induction of defense responses in rice and peanut against

Rhizoctonia solani and Aspergillus niger/Sclerotium rolfsi

have been reported for Methylobacterium (Omer et al.

2004; Madhaiyan et al. 2004; 2006b). More recently, Ryu

et al. (2006) and Anandham et al. (2007) documented the

production of IAA, cytokinin and oxidation of sulfur by

Methylobacterium oryzae CBMB20. Also, the lessening of

plant stress ethylene level through the action of the bacte-

rial enzyme 1-aminocyclopropane-1-carboxylate (ACC)
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Fig. 1 A proposed model for

the lowering of plant ethylene

level by plant growth promoting

Methylobacterium oryzae
leading to eventual increase in

defense enzymes activity as a

consequence of induction

systemic resistance against

invading pathogen (based on

Glick and Penrose 1998; Boller

1991; Huang et al. 1993).

SAdomet is S-

adenosylmethionine, SA is

salicylic acid, ACS is 1-

aminocyclopropane-1-

carboxylate synthase, ACC is 1-

aminocyclopropane-1-

carboxylate, ACO is 1-

aminocyclopropane-1-

carboxylic acid oxidase, ACCD

is 1-aminocyclopropane-1-

carboxylate deaminase, a-KB is

a-ketobutyrate. \ Symbol

shows the inhibition of ACS by

salicylic acid (SA)

1038 World J Microbiol Biotechnol (2008) 24:1037–1045

123



deaminase was reported for M. oryzae strains CBMB20 and

CBMB110 (Glick et al. 1998; Madhaiyan et al. 2006a).

This work aimed to test the induction of the defense

response in tomato provided by M. oryzae CBMB20 against

the foliar pathogen-Pseudomonas syringae pv. tomato as a

consequence of reducing the stress ethylene level through

its ACC deaminase activity.

Materials and methods

Bacterial strains, culture conditions and plant material

Methylobacterium oryzae strains CBMB20 (AY683045)

and CBMB110 (AY683046) were grown in ammonium

mineral salts (AMS) medium (Whittenbury et al. 1970)

supplemented with 0.5% methanol (v/v) and cyclohexi-

mide (20 lg/ml). The bacterial pathogen P. syringae pv.

tomato (Pst) maintained in King’s B (KB) liquid medium

was obtained from the Department of Plant Medicine,

Chungbuk National University, Republic of Korea. Tomato

seeds (Lycopersicon esculentum cv. rokusanmaru) and

seedlings susceptible to bacterial speck were obtained from

commercial sources for growth chamber and greenhouse

experiments respectively.

Siderophore production and antagonistic activity

of M. oryzae

Siderophore production by M. oryzae strains CBMB20 and

CBMB110 was tested on universal chrome azural S (CAS)

agar plates (Schwyn and Neilands 1987). The antagonistic

activity was tested by a dual culture method. Filter paper

discs (6 mm) saturated with Methylobacterium suspension

were placed over a bacterial lawn of Pst (108 c.f.u./ml) in

nutrient agar medium. The plates were incubated for

3–5 days at 30�C and observed for clear inhibition zones

around the discs.

In vitro salicylic acid (SA) production by M. oryzae

M. oryzae strains CBMB20 and CBMB110 were grown in

25 ml of liquid medium (Davis and Mingioli 1950) sup-

plemented with 0.5% methanol at 30�C for 72 h in shaking

incubator (150 rev/min). Bacterial cultures were harvested

by centrifugation at 2,800g for 10 min at 4�C. The result-

ing supernatant was acidified with 1 M HCl to pH 1.5–2.0

and extracted with an equal volume of ethyl acetate. After

evaporation of the organic phase, the dry residue was

suspended in 3 ml of 97% methanol. SA concentration was

determined by adding 5 ll of 2 mol FeCl3 and 3 ml of

water to 1 ml of concentrated extract. The absorbance of

the purple iron-SA complex, which developed in the

aqueous phase, was measured at 527 nm (UV-spectro-

photometer, UV-1601, Shimadzu, Japan) and compared

with a standard curve of SA dissolved in ethyl acetate

(Meyer and Abdallah 1992).

Antimicrobial effect of Salicylic acid (SA)

The antibacterial activity of SA on Pst was tested according

to Cameron and Zaton (2004). Briefly, a single colony from

a KB agar plate on which it had ben maintained for 24 h,

was grown in KB liquid medium containing SA (0, 0.01,

0.01, 1.0 and 5 mM) at 120 rev/min for 28 h at 30�C.

Bacterial culture growth was measured spectrophotomet-

rically (O.D.600 nm) at 8, 20, 22, 24 and 28 h.

Growth chamber bioassay

Bacterial cells of 72-h-old cultures of M. oryzae strains

CBMB20 and CBMB110 were harvested by centrifugation

at 10,000g for 10 min at 4�C, washed twice and suspended

in 0.03 M MgSO4. Homogenous bacterial suspensions

were adjusted to O.D.600 nm = 0.15 (108 c.f.u./ml). The

surface disinfected (70% ethanol-10 min; 1% sodium

hypochlorite-5 min) tomato seeds were subjected to the

following treatment for 4 h: (i) M. oryzae CBMB20, (ii)

CBMB110, (iii) 1 · 10–4 M AVG (L-a-(2-aminoethoxyvi-

nyl)-glycine hydrochloride) (Sigma-Aldrich Co. St Louis,

Mo, USA) a chemical ethylene biosynthesis inhibitor (as

positive control), and (iv) 0.03 M MgSO4 (as negative

control).

Treated tomato seeds were axenically dried and placed

in a Petri dish with moist sterile filter paper and incubated

for 7 days at 24�C under dark. On day 7 germinated tomato

seeds were transplanted into 150-ml plastic pots containing

oven-sterilized commercial pot mixture (Sun Gro Horti-

culture Distribution, Inc., Seba Beach, Canada). Overnight-

grown bacterial pathogen Pst cells were harvested by

centrifugation at 10,000g for 10 min at 4�C and washed

twice and suspended in saline (0.85% NaCl). Bacterial

suspension was prepared by mixing 1 ml of saline-sus-

pended bacterial cells with 20 ml of 0.025% Triton X-100

to a final concentration of 108 c.f.u./ml (O.D.600 nm = 0.4)

and used as foliar spray on 4-week-old tomato plants until

run-off by using a hand-held pneumatic sprayer. Pots were

placed in growth chambers at 20 ± 1�C, photoperiod

starting with 12 h dark followed by 12 h lights (18 lmol/

m2/S) in a completely randomized design with three

replications. Plants were watered regularly with sterile

distilled water.
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Greenhouse bioassay

Twenty one day old tomato seedlings were transplanted

into 300-ml pots containing an oven-sterilized commercial

pot mixture. After establishment the plants were subjected

to the following treatments: (i) Control (0.03 M MgSO4),

(ii) CBMB20 (O.D.600 nm = 0.15 = 108 c.f.u./ml), (iii)

CBMB20 (108 c.f.u./ml) + Pst (O.D.600 nm = 0.4 = 1.5 ·
107 c.f.u./ml) and (iv) Pst alone (1.5 · 107 c.f.u./ml).

Methylobacterium and pathogen inocula were prepared as

described for growth chamber bioassay and inoculation

was performed with a hand-held pneumatic sprayer until

run-off on 28- and 30-day-old tomato plants respectively.

Plants were maintained in the greenhouse with a temper-

ature regime of 28/22�C (day/night) and natural

illumination. Twelve pots per treatment, each with a single

plant were arranged in a completely randomized design

with three replications.

Disease scoring was started after the initial development

of the bacterial speck on 5 and 3 days after pathogen

inoculation in growth chamber and greenhouse respec-

tively. Disease severity was evaluated visually and scored

using a disease index with a range of 0–3 (0-signifies a leaf

showing no symptom or speck; 1-signifies 2–5 lesions/leaf;

2-signifies 6–10 lesions; and 3-signifies more than 10

lesions together or spread over each leaf) as described

previously in Bashan and de-Bashan (2002). Leaf samples

were collected on days 5, 10 and 1, 3, 5, 7, 10, 15 days

respectively from growth chamber and greenhouse after

challenge inoculation of the pathogen for ethylene, PR-

protein and defense enzymes analysis.

Ethylene analysis

Tomato leaves (1 g) collected from growth chamber and

greenhouse experiments were placed in 120 ml vials for

30 min to allow for the escape of wound ethylene and sealed

with a rubber septum for 4 h. One ml sample of the head-

space was injected into a Gas Chromatograph (dsCHROM

6200, Donam Instruments Inc., Republic of Korea) packed

with Poropak-Q column at 70�C and equipped with a flame

ionization detector. The amount of ethylene emission was

expressed as nmol or pmol of ethylene/h/g fresh weight by

comparing the standard curve generated with pure ethylene

(Praxair, Praxair Korea Co., Ltd).

Enzyme extraction, PR-protein and defense enzyme

assay

Leaf samples (1 g) collected from tomato plants were snap

frozen and homogenized immediately with liquid nitrogen.

The resulting powder was macerated for 30 s with 100 mM

potassium phosphate buffer, pH 7.0 (1:1.25 w/v). Then the

crude homogenates were centrifuged at 20,000g for 20 min

at 4�C. The supernatants were kept in an ice bath and used

for the determination of PR proteins and defense enzyme

and dosing for Lowry protein estimation using bovine

serum albumin (BSA) as a standard.

b-1,3-Glucanase activity was assayed using laminarin

(from Laminaria digitata) (Sigma-Aldrich Co. St. Louis,

Missouri, USA) as substrate (Liang et al. 1995). The assay

mixture 0.1 ml consisted of 50 ll enzyme extract, 50 ll

laminarin (10 mg/ml) in 50 mM sodium acetate buffer

(pH 5.0) and was incubated at 37�C for 1 h and the amount

of reducing sugar released from laminarin was determined

by the termination of reaction with 1.5 ml dinitrosalicylic

acid (DNS) reagent and boiling the mixture in a water bath

for 5 min. Reducing sugar equivalents were measured at

530 nm. Enzyme activity was expressed as lg glucose/

min/mg protein. Phenylalanine ammonia-lyase activity was

measured according to the procedure described by El-

Shora (2002). The assay mixture consisted of 1.9 ml of

100 mM Tris–HCl buffer (pH 8.5), 1 ml of 15 mM

L-phenylalanine and 100 ll enzyme extract was incubated

at 30�C for 15 min. The reaction was terminated by adding

200 ll of 6 M HCl and the absorbance of the solution was

measured at 290 nm. One unit represents the conversion of

1 lmol L-phenylalanine to trans-cinnamic acid per min.

The amount of trans-cinnamic acid synthesized was cal-

culated using its molar absorptivity of 9630 M–1 cm–1 and

expressed as nmol trans-cinnamic acid/min/mg protein.

Peroxidase activity was determined by mixing the

50 ll of enzyme extract with 2.85 ml of 100 mM phos-

phate buffer (pH 7.0) and 50 ll of 20 mM guaiacol (Fu

and Huang 2001). The reaction was started by adding

20 ll of 40 mM H2O2 to the mixture and the initial rate

of increase in the absorbance was measured at 470 nm

over 1 min. One unit of activity was defined as a change

in absorbance of 0.001/min. Polyphenol oxidase activity

was determined according to Mayer et al. (1965). The

reaction mixture consisted of 200 ll enzyme extract and

1.5 ml 0.1 M sodium phosphate buffer (pH 6.5). The

reaction was started with the addition of 200 ll 0.01 M

catechol and the activity was measured by observing the

changes in absorbance at 420 nm. The activity of PO and

PPO was expressed as changes in absorbance/min/mg

protein.

For estimation of the total phenolics, fresh tomato leaves

(1 g) were extracted with 10 ml of 80% methanol and

agitated for 15 min at 70�C (Zieslin and Ben-Zaken 1993).

One ml of the methanolic extract was added to 5 ml of

distilled water and 250 ll of Folin-Ciocalteu reagent (1 M)

and kept for incubation at 25�C for 30 min. The absor-

bance of the developed blue color was measured at 725 nm
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and expressed as lg of catechol/mg protein by using cat-

echol as standard.

Statistical analysis

The data were statistically analysed by analysis of variance

(ANOVA) using the general linear model version 9.1

developed by SAS institute Inc., Cary, NC, USA (SAS

2004). Means were compared using the least significant

difference (LSD) P £ 0.05.

Results

Siderophore-negative M. oryzae strains CBMB20 and

CBMB110 were found to produce 10.5 ± 0.40 and

8.0 ± 0.57 lg salicylic acid/ml of culture media. Though

the strains were not able to show antagonism toward Pst in

dual culture technique, SA produced by the M. oryzae

CBMB20 inhibited the growth of Pst about 2-fold that of

control over 20 h of incubation (Fig. 2).

In the growth chamber experiment, M. oryzae CBMB20

significantly (P £ 0.05) increased the PR protein and

defense enzymes activity in tomato plants inoculated with

pathogen. The level of ethylene recorded in plants pre-

treated with M. oryzae CBMB20 and challenge-inoculated

with pathogen (3.52 ± 0.18) was on par with the ethylene

level recorded in AVG and challenge-inoculated with

pathogen (3.40 ± 0.16) and significantly less than that of

the ethylene level in plants treated with pathogen alone

(4.86 ± 0.20). The increased activity of b-1,3-glucanases,

PAL, PO, PPO was noted in plants pretreated with

M. oryzae CBMB20 compared with that of M. oryzae

CBMB110 and comparable to that of AVG (Table 1).

Based on the significant performance in the growth

chamber experiment, M. oryzae CBMB20 was chosen for

the greenhouse experiment.

Under greenhouse conditions, ethylene production in

uninoculated plants remained low compared to pathogen-

inoculated plants and the latter showed a significant

increase in ethylene level on a day after inoculation and

reached maximum on day 7 (Fig. 3a). During this time

period, pathogen-inoculated plants showed small, water-

soaked lesions. Ethylene production then began to decrease

and yellow haloes appeared around the water-soaked

lesions on day 9 after pathogen inoculation (Fig. 4a and b).

On day 12 the lesions coalesced and almost all of the leaf

tissue was damaged, coinciding with a second peak in

ethylene production (Figs. 3a and 4c). Plants pretreated

with M. oryzae CBMB20 and challenge-inoculated with

pathogen showed reduced ethylene level (Fig. 3a) and a

concurrent increase in the activity of b-1,3-glucanases

(204.2–288.8 ng glucose/min/mg protein) was also recor-

ded (Fig. 3b).

The activity of PAL started to increase from 30.25 to

44.79 nmol of trans-cinnamic acid/min/mg protein on day

1 through day 5 after pathogen inoculation in plants pre-

treated with M. oryzae CBMB20. The increase in PAL

activity was stable till day 12 (Fig. 3c). PO and PPO

activities were extremely high in treatment with M. oryzae

CBMB20 and challenged with pathogen, compared to

treatment with either pathogen or Methylobacterium alone

(Fig 3d and e). Treatment with M. oryzae CBMB20 and

challenge-inoculated with Pst increased the total phenols of

the plants, ranging between 6.32 and 6.76 lg catechol/mg

of protein and the increase was noticed throughout the

experimental period. Plants treated with Pst alone showed a

gradual decline in phenolic content (Fig. 3f).

In growth chamber experiments, the percent disease

index (PDI) value observed in seedlings of CBMB20-

treated seeds challenged with Pst was 10.5% and was

comparable to that of plants treated with AVG. whereas,

PDIs in the pathogen-treated plants was as high as 22%

under growth chamber and 28% for greenhouse conditions

(Fig. 5).

Discussion

It is established that the antagonistic activity of the PGPB

was characterized by the production of siderophore

(Compant et al. 2005). Therefore, the absence of antago-

nism against the Pst by the siderophore-negative M. oryzae

strains CBMB20 and CBMB110 is not surprising. It was

Fig. 2 Antimicrobial effect of different concentration of salicylic

acid on growth of Pseudomonas syringae pv. tomato in King’s B

liquid medium at 30�C. Each value represents the mean of three

replications per treatment. Error bars indicate ± standard error (SE)
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evident from the growth chamber experiment, where the

spatial separation of Methylobacterium in rhizosphere and

the bacterial pathogen in the phyllosphere excludes the

possibility of direct antagonism leads to the conclusion that

the defense response was induced. Induction of defense

response through the application of PGPB often induces

Table 1 Induction of defense enzymes in tomato against bacterial pathogen P. syringae pv. tomato elicited by M. oryzae under growth chamber

condition

Treatment Ethylene

(nmol/h/g

fresh weight)

b-1,3-glucanase

(ng glucose/

min/mg protein)

Phenylalanine

ammonia-lyase

(nmol trans-

cinnamic acid/

min/mg protein)

Peroxidase

(changes in unit

abs./min/mg

protein)

Polyphenol

oxidase (changes

in unit abs./min/mg

protein)

Phenols

(lg catechol/

min/mg

protein)

Control 1.11 ± 0.06e 29.7 ± 1.16e 3.36 ± 0.07f 37.7 ± 1.21g 0.06 ± 0.01f 37.2 ± 0.72e

Pst 4.86 ± 0.20a 45.3 ± 1.74d 7.45 ± 0.14b 86.1 ± 0.37f 0.15 ± 0.02c 33.8 ± 1.94f

CBMB20 1.47 ± 0.09d 41.0 ± 0.77c 6.62 ± 0.12c 108.3 ± 1.23e 0.07 ± 0.01ef 40.3 ± 0.79d

CBMB110 3.04 ± 0.05c 39.5 ± 0.47f 6.45 ± 0.06dc 108.1 ± 1.00d 0.05 ± 0.01f 30.2 ± 0.47h

AVG 1.47 ± 0.02d 45.3 ± 1.10f 4.32 ± 0.06e 150.3 ± 1.05e 0.09 ± 0.01e 32.6 ± 1.38g

CBMB20 + Pst 3.52 ± 0.18b 101.0 ± 0.41f 8.07 ± 0.05a 218.8 ± 0.75a 0.23 ± 0.05a 54.3 ± 1.22a

CBMB110 + Pst 4.66 ± 0.24a 68.3 ± 2.56b 6.00 ± 0.58d 175.5 ± 0.63b 0.13 ± 0.01d 50.1 ± 0.52b

AVG + Pst 3.40 ± 0.16b 80.0 ± 6.21a 8.51 ± 0.28a 159.5 ± 0.58c 0.20 ± 0.04 b 47.4 ± 1.27c

LSD (P ‡ 0.05) 0.24 5.83 0.54 1.00 0.05 1.52

Treatment details: Control, 0.03 mol MgSO4; Pst, Pseudomonas syringae pv. tomato; CBMB20 and CBMB110 are M. oryzae strains; AVG,

1 · 10–4 M L-a-(2-aminoethoxyvinyl) glycine hydrochloride; Values are mean ± standard error (SE) of three replications per treatment observed

on day 5 and 10. Means followed by the same letter are not significantly different from each other at 5% (LSD)

Fig. 3 Induction of defense

response in tomato by

Methylobacterium oryzae
CBMB20 against Pseudomonas
syringae pv. tomato under

growth chamber condition

resulting from reduced (a)

ethylene level and increased

activity of (b) b-1,3-glucanase,

(c) Phenylalanine ammonia-

lyase, (d) Peroxidase, (e)

Polyphenol oxidase and (f)
Phenolics. Each value

represents the mean of three

replications per treatment. Error

bars indicate ± standard error

(SE)

1042 World J Microbiol Biotechnol (2008) 24:1037–1045

123



changes in plant chemistry that are correlated with an

increase in disease resistance, which is more advantageous

than antagonistic activity. Methylobacterium-elicited

defense responses have been demonstrated in rice and

peanut (Madhaiyan et al. 2004; 2006b). M. oryzae

CBMB20 probably reduced the level of stress ethylene

induced by pathogen attack and thus confers resistance to

stress posed by phytopathogens, which is congruent with

earlier findings (Robison et al. 2001; Wang et al. 2000;

Glick et al. 1998).

The possible mechanism behind this protection might be

due to the hydrolytic cleavage of the ethylene biosynthesis

precursor ACC into a-ketobutyrate (a-KB) and ammonia

by the bacterially produced ACC deaminase (Glick et al.

1998; Madhaiyan et al. 2006a), since the reduced level of

ethylene is enough to induce PR proteins and defense

enzymes; but not sufficient for the proliferation of the

pathogen and eventually disease symptom development

(Chen et al. 2003). It is evident from our study that treat-

ment with M. oryzae CBMB20 showed reduced ethylene

level (1.47 nmol/h/g fresh weight), which is within the

level of 0.05 ll/l, enough to activate the biological pro-

cesses in crop plants (Abeles 1992) and increased activity

of PR proteins. The increased activity of defense enzymes

and reduced level of ethylene in M. oryzae CBMB20

compared with M. oryzae CBMB110 could be explained

by the magnitude of ACC deaminase activity of 94.48 and

24.74 nmol a-KB/h/mg protein respectively (Madhaiyan

et al. 2006a). In a previous study, transgenic tomato

expressing a bacterial ACC deaminase showed reduced

symptoms of Verticillium wilt (Robison et al. 2001). Also,

the inoculation of Methylobacterium to rice and peanut

plants increased the activity of PR proteins (Madhaiyan

et al. 2004; 2006b).

Ethylene production as a defense response immediately

after pathogen attack might be originate from the portion of

plant’s existing pool of ACC by ACC oxidase (Fig. 1). But

the subsequent increase in ethylene level is due to the

transcription of ACS by pathogen leading to disease

Fig. 4 Efficacy of

Methylobacterium oryzae on the

severity of bacterial speck

caused by P. syringae pv.

tomato in tomato leaves on day

(a) 3 after pathogen inoculation,

(b) 9 after pathogen inoculation

and (c) 12 after pathogen

inoculation. (Top: P. syringae
pv. tomato alone, Bottom:

M. oryzae CBMB20 + Pst)
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Fig. 5 Percent disease index of tomato plants treated with Methylo-
bacterium oryzae strains CBMB20 and CBMB110 and challenged

with P. syringae pv. tomato. A hollow and solid bar indicates under

growth chamber and greenhouse conditions respectively. Each value

represents means of three replicates per treatment. Error bars

indicate ± standard error (SE)
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symptom development (Hase et al. 2003). In this study, the

reduced level of ethylene in plants treated with either

CBMB20 alone or challenged with pathogen might be due

to the action of ACC deaminase present in the Methylo-

bacterium. Though we did not determine the SA level in

plant after Methylobacterium treatment, it can be explained

that the reduced stress ethylene level may also be due to the

inhibition of ACS by SA (Huang et al. 1993) (Fig. 1)

besides its antimicrobial activity (Cameron and Zaton

2004). It has been established that the plant growth-pro-

moting bacteria able to produce SA are well known for

their role in the induction of PR proteins and defense

enzymes (Compant et al. 2005).

In tomato, seed treatment with Methylobacterium

induced the plants to synthesize b-1,3-glucanase, PAL, PO

and PPO. An additional increase in b-1,3-glucanase syn-

thesis was observed in M. oryzae CBMB20-pretreated

plants challenged with Pst in both growth chamber and

greenhouse experiments. The increased activity of b-1,3-

glucanase parallel with the level of ethylene reflects the

role of ACC deaminase-containing Methylobacterium in

induction of the defense response. Increased activity of

b-1,3-glucanase was reported for rice and peanut when the

seedlings raised from Methylobacterium-bacterized seeds

and challenged with Rhizoctonia solani and Aspergillus

niger/Sclerotium rolfsii respectively (Madhaiyan et al.

2004; 2006b).

Cinammic acid, the product of PAL, is directly linked to

cell lignification processes and the highest levels of PAL

activity usually occur about one day after initial infection

of pathogen (Podile and Laxmi 1998). In this study also the

highest PAL activity occurred about one day after initial

infection of the pathogens and the activity was increased

constantly in Methylobacterium-treated plants up to day 12,

which is congruent with the results reported by earlier

researchers (Podile and Laxmi 1998; Madhaiyan et al.

2006b). It is possible that the product of PAL, cinnamic

acid directs the synthesis of the antimicrobial agent SA

(Fig. 1). The PO and PPO activities are linked to lignifi-

cation and generation of hydrogen peroxides at later stages

of infection, which inhibit pathogens directly, or generation

of other free radicals with antimicrobial activity, that

restrict the development of pathogenic bacteria (Silva et al.

2004). Similar results were obtained in rice and peanut

with a high accumulation of phenolic compounds when

treated with Methylobacterium and R. solani and A. niger/

S. rolfsi (Madhaiyan et al. 2004; 2006b).

The probable reason for the reduced bacterial speck

disease symptoms in M. oryzae CBMB20-pretreated plants

challenged with Pst might be due to the reduced ethylene

levels resulting from the deaminase activity of M. oryzae

CBMB20. The enhanced accumulation of PR proteins and

defense enzymes as a result of reduced ethylene level

substantiates the potential role of M. oryzae CBMB20 in

disease resistant development in crop plants besides its

potential for the direct plant growth-promoting activity

through the production of phytohormone (IAA, cytokinin)

and sulfur oxidation. The tested strain had been originally

isolated from the surface-sterilized stem of rice plants, thus

it may have the potential to grow endophytically within the

plant system and could arrest the proliferation of the bac-

terial pathogens for instance, Pst causing systemic disease

in crop plants. The findings of the present study support the

use of M. oryzae CBMB20 as a potential biocontrol agent

against bacterial speck. However, further studies under

field conditions need to be conducted to test the efficacy of

this biocontrol agent against bacterial speck and other

foliar diseases of tomato.
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