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Abstract. Pink-pigmented facultatively methylotrophic bacteria (PPFMs), persistent colonizers of plant leaf surfaces,
belong to the genus Methylobacterium and are mostly transmitted through seeds. Plant growth-promoting activity of
methylotrophic bacteria and their effects on disease suppression were evaluated on rice under greenhouse conditions.
Rice seeds were inoculated with Methylobacterium sp. strain PPFM-Os-07 and seed germination was evaluated in
terms of morphometric measurements, seedling growth, rate of germination (R

G
), and seedling vigour index (SVI).

Another experiment was carried out to study the induction of pathogenesis-related proteins (PR-proteins) in rice
plants that were inoculated with methylotrophic bacteria by seed imbibition or foliar spray. In the third experiment,
sixty-day-old rice plants grown in pots were challenge inoculated with Rhizoctonia solani strain TNAU-01.
Methylobacterium inoculation promoted seed germination and plant growth. Increased plant height, number of tillers,
plant biomass, and grain yield were observed. The average yield increases for seed imbibition and phyllosphere spray
were, respectively, 22.1% and 24.3% greater than control. The bacteria also significantly reduced the sheath blight
incidence when applied as either bacterial culture through seed imbibition and/or phyllosphere spray. The percent
disease reduction recorded for seed imbibition alone and for combined applications of seed imbibition and phyllosphere
spray were 17.8% and 23.5%. Rice plants sprayed with PPFM-Os-07 strain showed increased presence of PR-
proteins and phenolic contents on day 1 after application. Maximum phenylalanine ammonia lyase (PAL) and peroxi-
dase activity on day 4 and  β-1,3-glucanase and chitinase activity on day 5 were recorded. The results suggest that
Methylobacterium inoculation may alter rice susceptibility to R. solani. This work emphasizes the importance of
evaluating induced systemic resistance while studying plant-associated growth promoting bacteria.
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tonia solani.
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Introduction

Methylobacterium spp. are a group of bacteria known
as pink-pigmented facultative methylotrophs, or PPFMs
(Austin and Goodfellow, 1979; Patt et al., 1976; Green and
Bousfield, 1982, 1983). They are classified as alpha-
Proteobacteria and are capable of growth on one-carbon
compounds such as formate, formaldehyde, methanol, and
methylamine as well as on a variety of C

2
, C

3
 and C

4
 com-

pounds (Lidstrom, 2001). They can be easily isolated from
plant tissues using selective media containing methanol
as the sole carbon source (Corpe, 1985) and identified by
their pink color, which distinguishes them from the other
unrelated methylotrophic organisms normally encountered
on plant tissue. They are abundant and non-pathogenic,
distributed ubiquitously in the plant phyllosphere, and

have been isolated from more than 100 species of plants,
ranging from liverworts and mosses to angiosperms and
gymnosperms (Corpe and Basile, 1982; Dunleavy, 1990;
1998 ). Hirano and Upper (1992) found them to represent
greater than 90% of the phylloplane microflora of
Phaseolus vulgaris throughout the growing season.
PPFMs show populations ranging from 104 to 107 colony-
forming units per gram fresh weight of plant tissue, with
the highest numbers present on actively growing and mer-
istematic tissue (Dunleavy, 1988; Corpe and Rheem, 1989;
Holland and Polacco, 1992; Hirano and Upper, 1992;
Holland, 1997). They are seed- transmitted (Corpe and
Basile, 1982) and in dry soybean seeds they number 105

per gram (Dunleavy, 1988; Holland and Polacco, 1992).
Their slow-growing nature and distribution over the whole
plant suggest that their numbers are regulated simply by
dilution as the plant tissue expands away from growing
points. Holland and Polacco (1992) reported surface steril-
ization of seeds or other plant tissues, routinely carried
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out in preparation for tissue culture, does not remove
PPFMs. Confocal scanning laser microscopy showed gfp-
tagged PPFMs to colonize the leaf surface by forming large
aggregates and by occupying the grooves between the
epidermal cells (Omer et al., 2004a). They were reported to
colonize the rhizosphere as well as the phyllosphere. How-
ever the biological significance of these bacterial species
is still unknown.

The practical significance of these bacteria, such as the
biosynthesis of amino acids and single cell proteins and
bioconversion of some substrates unusable by other or-
ganisms (such as methanol emitted by the stomata of
plants) into products with economic value has brought
them into prominence (Nemecek-Marshall et al., 1995).
Basile et al. (1969) first demonstrated the growth enhanc-
ing effects of PPFMs on plants in a tissue culture system
where they produced vitamin B

12
 and stimulated the growth

of a liverwort, Scapania nemorosa. Interestingly they were
also reported to produce growth hormones viz, cytokinins
(zeatin, trans-zeatin and trans-zeatin riboside) (Koenig et
al., 2002) and auxins (indole-3- acetic acid, indole-3- pyru-
vic acid and indole-3- butyric acid) (Ivanova et al., 2001;
Omer et al., 2004b). They have also been shown to stimu-
late seed germination and plant growth (Corpe and Basile,
1982).

This study has been framed to understand the benefi-
cial role of Methylobacterium on rice with the following
objectives: 1) evaluation of the effect of PPFMs on rice
seed germination, and 2) investigation of the effect of
PPFM on induction of PR-proteins like phenylalanine am-
monia lyase (PAL, E.C. 4.3.1.5), peroxidase (E.C. 1.11.1.7),
chitinase (E.C. 3.2.1.14) and β-1,3-glucanase (E.C. 3.2.1.39)
and phenolics. These studies could ultimately lead to un-
derstanding the role of PPFMs in improving the perfor-
mance of host plants, especially rice.

Materials and Methods

Bacterial Strains and Cultural Conditions
Methylobacterium sp. strain PPFM-Os-07 isolated from

rice (Oryza sativa L.) cultivar Co-47 was used in the study
( Mad h a i y an ,  2 0 0 3 ) .  T h e  r e f e r e n c e  c u l t u r e
Methylobacterium extorquens AM1 (isolated from air, AM1
stands for air-borne microbe) was kindly provided by M.
A. Holland, Department of Biology, Salisbury University,
Salisbury, MD 21801, USA. Methylobacterium extorquens
miaA mutant was kindly provided by Joe C. Polacco, De-
partment of Biochemistry, University of Missouri-
Columbia, Columbia, Missouri 65211, USA.  The sheath
blight pathogen Rhizoctonia solani strain TNAU-01 was
obtained from the Department of Plant Pathology,
Tamilnadu Agricultural University, Coimbatore 641003,
Tamilnadu, India. Rhizoctonia solani was maintained and
grown in potato dextrose agar (PDA) before further use.
Unless otherwise stated, methylobacteria were grown for
72 h on ammonium mineral salt (AMS) medium (pH 6.8)
supplemented with 0.5% methanol and cycloheximide (30
µg ml-1) (Whittenbery et al., 1970).

Experiment I
Testing of rice seed germination. Rice seeds were sur-

face sterilized by heat treatment at 50°C for 48 h (M. A.
Holland personal communication) for removal of seed
borne methylotrophic bacteria, and they were imbibed in
one of the following preparations for 5 h at room tempera-
ture with gentle shaking: T

1
) PPFMs-Os-07 liquid culture;

T
2
) PPFMs-Os-07 spent medium; T

3
) miaA mutant liquid

culture; T
4
) miaA mutant spent medium; T

5
) M. extorquens

AM1 liquid culture; T
6
) M. extorquens AM1 spent medium;

T
7
) fresh AMS medium containing tetracycline (15 µg ml-

1), T
8
) fresh AMS medium, and T

9
) control. All cultures

were grown to the stationary phase before they were used.
After imbibition, the seeds (200 seeds/replicates) were
drained and sown in sterile aluminum trays (20×20×10cm,
50 seeds/tray) containing fine, moist sand and then placed
in a germination room and maintained at 20°C. Germination
of rice seeds was recorded daily from day 5 to day 14, and
the rate of germination (R

G
) was calculated using the fol-

lowing formula.

Where Ni is the number of germinated seeds in a given
time, and Di is the time unit (day) (Hosseini and Jafari,
2002). For growth measurements ten seedlings from each
treatment were taken randomly after 14 days of sowing.
The shoot and root length of individual seedlings were
recorded. After the fresh weight of each seedling was
recorded, these were kept in the oven at 70°C for 48 h to
determine their dry weight (Evans, 1972). The germination
percentage of seeds was recorded, and the seedling vigour
index (SVI) was calculated using the formula: SVI = % ger-
mination × seedling length (shoot length + root length) in
cm.  Results were expressed in whole numbers (Baki and
Anderson, 1973).

Experiment II
  Evaluation of pathogenecity related proteins and

phenolics.  Soil samples were collected from wet rice fields
with the following physio-chemical properties: pH: 7.8,
CEC: 26.4 cmol (p+) kg-1, EC: 0.4 dSm-1, organic carbon:
5.83 g kg-1, available N: 220 kg ha-1, available P

2
O

5
: 10 kg

ha-1, available K
2
O: 260 kg ha-1 and available Ca: 11.42 cmol

kg-1, Zn: 2.80 ppm, Fe: 29.75 ppm, Mn: 3.9 ppm and Cu:
2.39 ppm.  Samples were dried, passed through a 4 mm
sieve, and mixed with farmyard manure in a 2:1 proportion.
Rice seedlings were planted at the rate of four seedlings
per hill and five hills per pot (40 L pots containing 20 kg
soil mixture). In foliar application, 25 ml of liquid culture (1
× 109 CFU ml-1 of culture) per pot was sprayed 40 days
after planting. From day 41 to day 48, the seedlings were
evaluated for various PR-proteins viz, 1) chitinase, 2)
peroxidase, 3) PAL, 4) β-1,3 glucanase, 5) PPO, and 6)
phenolics.

Plant extraction.  Rice leaves collected from all treat-
ments were snap frozen and homogenized immediately with
liquid nitrogen. One gram of homogenized sample was ex-
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tracted at 4°C with appropriate buffer solutions, and the
homogenate, centrifuged for 20 min at 10,000 rpm, was used
for further studies. Sodium acetate buffer (0.5 M; pH 5.0),
sodium citrate buffer (0.1 M; pH 5.0), sodium borate buffer
(0.1 M; pH 7.0), and phosphate buffer (0.1 M; pH 7.0) were
used to extract β-1,3-glucanase, chitinase, PAL, and per-
oxidase enzymes, respectively.

Phenylalanine ammonia lyase.  PAL activity was mea-
sured following the method of Dickerson et al. (1984). The
assay mixture, containing 100 µl of plant extract, 500 µl of
50 mM Tris HCl (pH 8.8), and 600 µl of 1 mM L-
phenylalanine, was incubated for 60 min at room
temperature, and the reaction was arrested by adding 2 N
HCl. The assay mix was extracted with 1.5 ml of toluene
by vortexing for 30 sec. Toluene was recovered after cen-
trifuging at 1,000 rpm for 5 min. The absorbance of the tolu-
ene phase containing trans-cinnamic acid was measured
at 290 nm against the blank of toluene. Enzyme activity
was expressed as nmol trans-cinnamic acid released min-1

g-1 fresh weight.

Chitinase.  For the colorimetric assay of chitinase, 10
µl of 1 M sodium acetate buffer (pH 4.0), 0.4 ml of plant
extract, and 0.1 ml colloidal chitin (1 mg), prepared
according to Berger and Reynolds (1958), were pipetted
into a 1.5 ml Eppendorf tube. After 2 h at 37°C, the reaction
was stopped by centrifugation at 1,000 g for 30 min. An
aliquot of the supernatant (0.3 ml) was pipetted into a glass
tube containing 30 µl of l M potassium phosphate buffer
(pH 7.1) and incubated with 20 µl desalted snail gut enzyme
(Helicase, obtained from Sepracor, France) for 1 h (Boller
and Mauch, 1988). The resulting monomeric N-
acetylglucosamine (GlcNAc) was determined according to
Reissig et al. (1959) using the internal standards of GlcNAc
in the assay mixtures for calculations. Enzyme activity was
expressed as 1 nmol of GlcNAc equivalents released min-1

mg-1 of fresh weight.

β-1,3-glucanase.  Enzyme activity was assayed by the
laminarin-dinitrosalicylic acid method (Pan et al., 1991). The
reaction mixture was prepared by mixing 62.5 µl of 4% lami-
narin and 62.5 µl of plant extract and incubating at 40°C
for 10 min. The reaction was stopped by adding 375 µl of
dinitrosalicylic reagent (DNS, prepared by adding 300 ml
of 4.5% NaOH to 880 ml containing 8.8 g of dinitro sali-
cylic acid and 22.5 g potassium sodium tartrate) with sub-
sequent heating for 5 min in a boiling water bath. The
resulting colored solution was diluted with 4.5 ml of dis-
tilled 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 mg-1 of
fresh weight.

Peroxidase.  Peroxidase activity was determined at 30°C
by a direct spectrophotometric method (Hammerschmidt
and Kuc, 1982). The reaction mixture consisted of 0.5 ml
plant extract, 1.5 ml of 0.05 M pyrogallol, and 0.5 ml of 1%
hydrogen peroxide (H

2
O

2
). The reaction was incubated in

a water bath, and absorbance at 420 nm was recorded at
30 s intervals for 30 min. The enzyme activity was expressed

as change in the absorbance of the reaction mixture min-1

g-1 of fresh weight.

Polyphenol oxidase.  Plant sample (0.5 g) was ground
in a prechilled pestle and mortar with 0.5 ml of extraction
buffer (Tris-HCl, pH 7.5). The extract was taken in an
eppendorf tube and centrifuged at 12,000 rpm for 20 min
at 4°C. An aliquot of 0.2 ml supernatant mixed with 0.2 ml
sample buffer (containing 1% SDS, 10% glycerol, 25 mM
Tris-HCl pH 6.8, 1 mM EDTA, 0.7 M mercaptoethanol), and
100 µl was loaded on to a native anionic polyacrylamide
gel with 8% resolving gel and 4% stacking gel.  Electro-
phoresis was carried out until the dye front reached the
end of the resolving gel. After electrophoresis the gels
were incubated in a solution containing 0.15% benzidine
in 6% NH

4
Cl for 30 min in dark. Then 1-2 ml of 30% H

2
O

2

was added dropwise with constant shaking until bands
representing PPO activity appeared (Sindhu et al., 1984).
After staining, the gel was washed with distilled water and
photographed.

Phenolic compounds.  Rice leaves (1.0 g) were homog-
enized in 10 ml of 80% methanol and agitated for 15 min at
70°C (Swain and Hillis, 1959). One ml of the methanolic ex-
tract was added to 5 ml of distilled water and 250 µl of
Folin-Ciocalteu reagent, and the solution was kept at 25°C.
After 3 min, 1 ml of a saturated solution of Na

2
CO

3
 and 1

ml of distilled water were added, and the reaction mixture
was incubated for 1 h at 25°C. The absorption of the de-
veloped blue color was measured using a Beckman DU64
spectrophotometer at 725 nm. The total soluble phenolic
content was calculated by comparison with a standard
curve obtained from a Folin-Ciocalteu reaction with phenol.
Results were expressed as phenol equivalents in µg g-1 of
fresh weight.

Experiment III
The PPFM strain—as seed imbibition, phyllosphere

spray, or as combined application—was assessed for its
efficiency in suppressing sheath blight of rice under pot
culture conditions. Ten treatments viz, T

1
) PPFM-Os-07

(seed imbibition); T
2
) PPFM-Os-07 (phyllosphere spray on

30, 60 and 90 DAS); T
3
) T

1
 + T

2
; T

4
) Rhizoctonia solani

(TNAU-01) alone; T
5
) T

1
 + T

4
; T

6
) T

2
 + T

4
; T

7
) T

1
 + T

2
 + T

4
;

T
8
) Carbendazim (2 g kg-1 of seeds); T

9
) Fresh AMS

medium, and T
10

) control, were done to study the impact
of PPFMs on rice.

For seed imbibition, the rice seeds were surface steril-
ized with 2% sodium hypochlorite (NaOCl) and soaked in
a double volume of bacterial culture (1 × 109 CFU ml-1 of
culture). After 12 h, the culture was drained, and the seeds
were dried in shade for 30 min (Holland and Polacco, 1994)
before being allowed to sprout for another 24 h prior to
sowing (Vidhyasekaran and Muthamilan, 1999). After 25
days, the seedlings were pulled out from the pots and
transplanted at the rate of four seedlings per hill and five
hills per pot. For treatments that included phyllosphere
spray, the cultures were applied using a hand sprayer (25
ml per pot; 1 × 109 CFU ml-1 of culture) at 30, 60, and 90
days after sowing (DAS). The water level was maintained
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2 cm above the soil level in the pots throughout the
experiment. Forty days after planting, sclerotia of R. solani
were placed (2 per tiller) in the sheath of the rice plants.
Five sheaths per hill and five hills per replication were used
for inoculation. The inoculated portion of each plant was
covered with absorbant cotton and tied with parafilm. It
was then moistened with distilled water regularly to main-
tain high humidity. Development of symptoms was ob-
served and recorded 7 days after inoculation on a scale
graded from 0 to 5 (Sriram et al., 1997). Based on the grades,
a disease index was calculated using the following formula:
Disease index = total grade/no. of sheaths observed × 100/
maximum grade. Plant height and tiller number were mea-
sured 45 days after planting. Plants raised from seeds
treated with carbendazim (2 g kg-1 of seeds as seed treat-
ment and 0.1% foliar spray at 30 days after planting) served
as a fungicide check, and foliar spray with distilled water
served as control. The trial was laid out in a randomized
block design with three replications.

Statistical Methods
A completely randomized design was used in all

experiments. The mean, standard error (SE), and analysis
of variance (ANOVA) were calculated, and means were
separated by the LSD using an SAS package, Version 8.2
(SAS, 2001). Where appropriate, an arc sine transforma-
tion was used to normalize the data.

Results

Seed Germination Test
To determine whether methylotrophic bacteria can stimu-

late rice seed germination, we tested three strains of
Methylobacterium sp. PPFM-Os-07, M. extorquens AM1
and M. extorquens miaA mutant as well as their spent me-
dia (Table 1). All the strains were found to have signifi-
cant and consistent stimulatory effects on rice seed
germination. However, the degree of stimulation obtained
among strain PPFM-Os-07 and M. extorquens AM1 dif-
fered according to the strain employed. Methylobacterium

extorquens miaA mutant stimulated better seed germina-
tion of non-heated seeds than the other two strains. Clari-
fied spent media also registered better results than fresh
media. In the case of heated seeds, the clarified spent me-
dium was found better than bacterial inoculation. Clarified
spent media grown with miaA mutant and PPFM-Os-07
strain produced 99% germination, followed by M.
extorquens AM1 spent medium, which produced 97%.
When the application of cells was considered, miaA mu-
tant strain induced a higher germination percentage than
the other two strains.

The inoculation of strain PPFM-Os-07 in rice proved
beneficial in increasing the R

G
 and SVI over control. The

R
G
 of rice seeds was calculated based on the germination

counts recorded over time. The R
G
 of PPFM treated seeds

ranged from 33.44 to 38.74, and in control it was 32.81 (Table
2). The difference in R

G
 among PPFM strains recorded

could be related to the ability of individual strains to pro-
mote early germination of seeds. From the results, it is evi-
dent that the M. extorquens AM1 and PPFM-Os-07 strain
was better in inducing early growth promotion than the
miaA mutant. Though the SVI observed also followed the
above trend, the PPFM-Os-07 strain was found better than
the miaA mutant and control (Table 2).

Induction of Defense Enzymes
Almost all the enzymes and phenolics studied were

higher in the Methylobacterium sp. strain PPFM-Os-07-
treated plants than control. Increases in phenolic content
were observed within 1 day after Methylobacterium treat-
ment and peaked (255.36 µg of phenol. g-1 fresh weight)
four days after application. In contrast, the concentration
of phenolics in the control plant stood at 100.12 µg of phe-
nol g-1 fresh weight on all days (Figure 1A). PAL and per-
oxidase activity were also significantly increased on day
one after PPFM treatment, and the maximum PAL (150.78
nmol of trans-cinnamic acid min-1g-1 fresh weight) and per-
oxidase (1.91 absorbance units min-1 g-1 fresh weight) ac-
tivities were observed on days 4 and 5, respectively (Figure
1B and Figure 1E). Chitinase and β-1,3 glucanase values

Table 1.  Effect of seed imbibition of PPFMs on rice seed germination.

         
Treatments

                  Germination per cent

Non-Heated Heated (50°C, 48 h)

PPFM-Os-07 80.83 (64.20)bc 82.67 (65.44)c

PPFM-Os-07 spent medium 81.17 (64.36)b 99.00 (84.39)a

M. extorquens miaA mutant 94.17 (76.79)a 97.67 (81.50)b

miaA mutant spent medium 81.00 (64.22)bc 99.00 (84.39)a

M. extorquens AM1 79.17 (62.92)bc 80.50 (63.80)c

M. extorquens AM1 spent medium 75.33 (60.30)cd 97.50 (80.94)b

Fresh AMS medium 76.17 (60.87)bcd 61.17 (51.46)d

Fresh AMS medium + tetracycline 76.33 (60.92)bcd 61.67 (51.75)d

Control 75.67 (58.86)d 60.67 (51.09)d

LSD (P≤0.05) 4.05 1.99

Values are the mean of three replications of 200 seeds each. Values in parentheses are arc sine transformed values. In the same
column, significant differences according to LSD at P≤0.05 level are indicated by different letters.
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Table 2. Germination rate and seedling vigour index of PPFM-treated rice seeds.

Treatments Rate of germination (R
G
) Seedling vigour index (SVI)*

PPFM-Os-07 37.51ab ± 0.61 4170a ± 33.00
PPFM-Os-07 spent medium 38.74a ± 0.58 4198a ± 88.62
M. extorquens miaA mutant 33.44c ± 0.62 2972cd ± 33.94
miaA mutant spent medium 33.68c ± 0.50 2992c ± 66.94
M. extorquens AM1 35.94b ± 1.00 4041b ± 19.33
M. extorquens AM1 spent medium 36.82b ± 1.22 4152a ± 81.08
Fresh AMS medium 32.42c ± 0.67 2875e ± 73.07
Fresh AMS medium + tetracycline 32.81c ± 0.90 2878de ± 55.62
Control 32.14c ± 0.27 2856e ± 21.68
LSD (P≤0.05) 1.75 96.61

*Average of 10 rice seedlings. Each value represents mean of three replicates per treatment. In the same column, significant differ-
ences according to LSD at P≤0.05 level are indicated by different letters.

Figure 1.  Changes in phenolic content (A), phenylalanine am-
monia lyase (B), chitinase (C), β-1,3-glucanase (D), peroxidase
(E), activities in Methylobacterium sp. strain PPFM-Os-07-
treated (�) and control (�) rice plants. Each value represents
mean of three replicates. Error bars indicate ± SE.
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stood equal to the control on day 1 and slowly progressed
toward a peak on day 5 (9 nmol of GlcNAc equivalents
min-1 mg-1 of fresh weight and 48 nmol of reducing sub-
stances min-1 mg-1 of fresh weight, respectively). The con-
trol values were well below treated values (Figure 1C and
Figure 1D). The results on isozyme electrophoretic patterns
of polyphenol oxidase revealed higher staining intensities
of fractions in Methylobacterium sp. strain PPFM-Os-07-
treated plants than control (Figure 2).

Biocontrol, Plant Growth and Yield Evaluation
Pot culture experiments established the efficacy of

Methylobacterium strain in improving plant growth and in-
ducing plant defense agents against R. solani. In general,
the strain PPFM-Os-07 treatment led to significant in-
creases in plant growth as measured by the number of
tillers, plant height, and yield. Enhanced plant growth was
observed in treatments involving both seed imbibition and
phyllosphere spray compared to either treatment alone or
to control. Methylobacterium sp. strain PPFM-Os-07-
treated plants showed increased numbers of tillers and
height when compared to untreated control (Table 3). This
beneficial effect was not associated with carbendazim,
fresh AMS medium, or control treatment. The increased
plant growth ultimately resulted in a significant increase
in yield.  The combined application of seed imbibition and
phyllosphere spray treatment resulted in a higher yield
(55.44 g pot-1) than other treatments. This was followed
by plants challenged with R. solani but treated with
carbendazim and combined application of seed imbibition
and phyllosphere spray and individual inoculation of
Methylobacterium strains.  The per cent disease index
(PDI) observed also showed marked differences among
treatments. While the R. solani-challenged plants recorded
an index value of 95.6%, the value recorded for carbendazim
treatment and control were 0% and 25.3%, respectively.
The combined application of seed imbibition and
phyllosphere spray of PPFM-Os-07 strain recorded an in-
dex value of 17.8% (Figure 3).

Table 3. Effect of PPFM on growth and yield of rice under pot culture conditions.

Treatments Mean shoot length (cm) Mean plant biomass (g) Mean no. of tillers/hill Grain yield (g per pot)

PPFM-Os-07 (SI) 77.63abc ± 1.24 12.02bc ± 0.01 12.7bc ± 0.57 50.36b ± 0.02
PPFM-Os-07 (PS) 77.25bcd ± 0.59 11.86cd ± 0.64 12.0c ± 0.47 51.21b ± 1.51
SI + PS 79.63a ± 2.18 12.96a ± 0.36 14.3a ± 0.19 55.44a ± 1.05
R. solani TNAU-01 70.31e ± 1.09 10.56fg ± 0.26 9.20e ± 0.09 0.00d ± 0.00
SI + TNAU-01 76.82cd ± 0.86 11.53cde ± 0.47 11.0d ± 0.24 41.36c ± 0.88
PS + TNAU-01 75.36d ± 0.17 11.23de ± 0.11 12.7bc ± 0.38 42.26c ± 0.12
SI + PS + TNAU-01 79.36ab ± 0.94 12.52ab ± 0.25 13.3b ± 0.42 51.42b ± 1.0
Carbendazim 71.25e ± 1.06 11.08ef ± 0.27 13.0b ± 0.24 51.62b ± 0.61
Fresh AMS medium 70.21e ± 0.10 10.52fg ± 0.20 9.30e ± 0.14 41.82c ± 1.09
Control 67.23f ± 0.58 10.27g ± 0.36 9.20e ± 0.19 41.21c ± 0.57
LSD (P≤0.05) 2.17 0.65 0.75 1.87

Each value represents mean of three replicates per treatment. In the same column, significant differences according to LSD at P≤0.05
levels are indicated by different letters. SI, seed imbibition and PS, phyllosphere spray.

Figure 2. Polyphenol oxidase (PPO) isoforms separated by na-
tive polyacrylamide gel electrophoresis (PAGE) of soluble pro-
teins from rice sheaths inoculated with R. solani. Crude enzyme
extracts (50 µg protein) were loaded on 8% gel. After
electrophoresis, the PPO isoforms were visualized in a staining
solution containing 0.15% benzidine and 30% H

2
O

2
. Lane 1.

Methylobacterium sp. strain PPFM-Os-07-treated plants at day
5 after R. solani challenge inoculation. Lane 2. Control plants
without inoculation of R. solani TNAU-01.

Discussion

Like little farmers, microbes play an important role in
seed germination and seedling establishment. The relation-
ship between PPFM bacteria and plants illustrates this
(Holland et al., 2002).  Holland (1997) reported that PPFMs
could be used as seed inoculum or in seed coatings de-
signed to enhance germinability, storability, or vigour of
seeds. In this study all three strains employed were found
to have significant and consistent stimulatory effects on
germination of both heat-treated and non-treated rice
seeds. Our earlier studies also indicate the positive impact
of Methylobacterium strains on sugarcane and cotton
(Madhaiyan et al., 2004; Madhaiyan, 2003). The ability of
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spent culture media to promote better seed germination
than the bacterial cells could be due to a diffusible sub-
stance secreted into the medium by the methylotrophic
bacteria (Koenig et al., 2002). However, confirmation of this
will require an understanding of the nature of the
substances, other than plant growth hormones, available
in the spent culture.

When plants are invaded by microorganisms or damaged
by mechanical injuries, major physiological changes and
plant defense enzymes are generally induced. The defense
related enzymes, including PR-proteins, are reported to ac-
cumulate in plants with the onset of induced systemic
resistance. Treatment with various biotic and abiotic induc-
ers leads to increased activities of chitinase, PAL, β-1,3-
glucanase,  peroxidase, and PPO. However the extent and
course of increase varies according to the inducer and host
plant (Schmid and Uldrich,  1994).  Fluorescent
pseudomonads have been reported to induce systemic re-
sistance in several crops by activating defense related
genes (M’Piga et al., 1997; Xue et al., 1998). Maurhofer et
al. (1994) reported that systemic resistance induction by
fluorescent pseudomonads in tobacco plants was associ-
ated with accumulation of β-1,3-glucanase and chitinase
enzymes. These defense proteins have the potential to
hydrolyze the major components of fungal cell walls viz,
chitin and β-1,3 glucans, respectively (Ham et al., 1991; Ren
and West, 1992). Peroxidases have been implicated in a
number of physiological functions that may contribute to
resistance, including oxidation of hydroxy cinnamyl alco-
hol into free radical intermediates, phenol oxidation,
polysaccharide cross linking, cross linking of extension
monomers (Schmid and Feucht, 1980), lignification (Walter,
1992), and in the deposition of phenolic material into plant
cell walls during resistant interaction (Graham and Graham,
1991).

To date, no reports are available on the part played by
PPFMs in inducing systemic resistance in plants. Through
this study we report this phenomenon in rice plants in-
oculated with strain PPFM-Os-07. The results of the
present study reveal that PPFM-Os-07 strain can induce
various defense related proteins and synthesis of
phenolics. The defense enzymes and phenolics observed
in PPFM-treated rice plants showed a higher level of ex-
pression than control plants. Increased enzyme activities
observed in plants in this study indicate the induction of
these enzymes in response to Methylobacterium
inoculation. However, the recognition of PPFMs as non-
pathogens by the plant could be related the plant’s ability
to deal with their own waste products generated during
its growth process (Holland, 1997). Holland (1997) specu-
lated that the plant depends on the bacteria for the remova1
of metabolic waste products generated during its growth.
Methanol, a waste product of plants, is a fitting example
of this kind of relationship, degraded by PPFMs into sim-
pler compounds, such as ammonium, which eventually are
returned to the plant (Holland and Polacco, 1992; Stebbins
et al., 1991). Further one could speculate on the possibil-
ity that PPFMs produce chemical substances (Koenig et
al., 2002), which might act as signal molecules indicating
the existence of such beneficially active waste managers
in the phyllosphere and triggering the utilization or deac-
tivation of those signal molecules (Holland, 1997).

Induced systemic resistance activity of rice plants in re-
sponse to methylotrophic bacteria suggests the possibil-
ity that PPFMs might be used as a means of biological
control of disease. However, this requires further in vitro
and in vivo studies for successful large-scale use.
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