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Abstract The total methylotrophic population associated
with rice plants from different cultivars was enumerated at
three different stages: vegetative, flowering, and harvesting.
The bacterial population in the leaf, rhizosphere soil, endophytic
in the stem and roots, and epiphytic in the florets and grains
were determined from four rice cultivars, 1l-mi, Nam-pyeoung,
O-dae, and Dong-jin, sampled from three different field sites.
The methylotrophic bacteria isolated on AMS media containing
0.5% methanol as the sole carbon source uniformly showed
three distinct morphologies, which were recorded as separate
groups and their distribution among the various samples was
determined using the ecophysiological index. The growth
stage at the time of sampling had a more significant effect on
the methylotrophic population and their distribution than the
field site or cultivar. A similar effect was also observed for the
PPFMs, where their population in different plant parts
increased from V10 to R4 and then decreased towards stage
R9. A canonical discriminant analysis of the PPFM population
from different parts of rice showed clear variations among the
cultivars, sampled sites, and growth stages, although the
variations were more prominent among the growth stages.

Keywords: Heterotrophs, methylotrophs, Methylobacterium,
ecophysiological index, canonical discriminant analysis

The relationships of bacteria with plants have a long
evolutionary history that probably began with the development
of multicellularity. Holland er al [11] stated that
Methylobacterium is one such microbe that acts as little
farmers, nurturing and protecting plants at every stage. The
genus Methylobacterium includes strict aerobic, Gram-negative,
facultative methylotrophic rods of A4ilphaproteobacteria,
characterized by their ability to rely on methanol, a one-
carbon compound, as the sole carbon and energy source,
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giving them a selective advantage for colonizing plants.
Most species show pink to red pigmentation and are often
referred to as pink-pigmented facultative methylotrophs
(PPFMs). PPFMs are widely distributed in nature and are
particularly known for their close association with plants
[1, 19]. They are reported as the dominant phyllosphere
population from more than seventy plant species tested [1].
One intriguing aspect of plant PPFM relationships is the
possibility that PPFMs may provide cytokinins to the
plant host or have cytokinin-like effects [16]. The direct
mechanisms of the plant growth promotion occur through
an increased nutrient uptake and production of phytohormones,
etc., whereas indirect mechanisms include the suppression
of phytopathogenic microorganisms through biocontrol or
induction of plant defense enzymes [6, 14, 18, 23]. Recent
evidences have suggested that PPFMs are more than a
passive passenger on plants and are actively involved in plant
growth promotion through direct and indirect mechanisms
[12, 18, 31]. Since methylotrophic bacteria tend to form
aggregates on the aerial parts of plants [35], the phenomenon
of quorum-sensing (QS), which affects the multicellular
behavior of bacteria in a community, gains importance.
The presence of two QS systems with production of a
novel long chained C,,, (N-tetra decenoyl) AHL molecule
has been described in Methylobacterium extorquens AM1
[26] and a recent study has shown that the occurrence of
QS systems in Methylobacterium is widespread [28].

As for studies on PPFMs, the results corroborate their
occurrence or their plant growth promoting characteristics.
A few reports have dealt with their population variance and
dynamics in crop plants [1, 8, 25]. However, these studies
have concentrated on the variation of the phyllosphere
PPFM population. The leaf-inhabiting PPFMs were
suggested probably to be the descendants of seedborne
bacteria rather than from environmental sources [9].
However, in maize, it has been suggested that natural
colonization occurred via air transfer of soil particles [29].
Plausible reports have also documented the occurrence of
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PPFMs in the rhizosphere or as endophytes [13, 27, 33].
Furthermore, the effects of plant species or different
cultivars of the same species on the epiphytic or total
rhizosphere population have been documented [5, 15].
However, no studies have yet dealt with the effect of biotic
and abiotic factors on the interaction between PPFMs and
plants. Accordingly, this study investigated the dynamics
of a PPFM population associated with field-grown rice
cultivars collected from three different sites to enumerate
the PPFM population associated with different parts of rice
and to assess the influence of plant factors: tissue type,
cultivar and age. Samples were collected from four
cultivars of rice plants grown at three different sites and the
sampling performed at three stages of crop growth. The
parts of the plants used for isolation were used rather than
the terms epiphytes or endophytes. The total bacterial
population and total methylotrophic population were also
enumerated along with the PPFM population in this study.

MATERIALS AND METHODS

Description of Field Site, Plant, and Sampling

The rice plant and rhizosphere samples were obtained
from research fields at three agricultural experiment stations
located in the north and north-eastern parts of Korea.
Three of the cultivars (Il-mi, Nam-pyeoung, and Dong-jin)
were late maturing and one was an early maturing variety
(O-dae). The field sites were located at the experimental
stations of the Chungbuk Provincial Agricultural Research
and Extension Services, Cheongwon (36° 58' ON and 127°
57" OE); the National Honam Agricultural Experiment
Station, RDA, Tksan, (35° 54' 4N and 128° 54' 58E); and
the National Yeongnam Agricultural Experiment Station,
RDA, Milyang (35° 29' 36N and 128° 44' 56E) in the north
and north-eastern parts of Korea. The mean temperature at
the sampling sites was 25.4°C and the annual rainfall was
100.1-102.8 mm. The soil type was clay loam with a pH
of 6.28—-6.69. The seedlings were transplanted to the field
sites on May 20-25, 2003, and the samplings taken at the
vegetative (V10), flowering (R4), and reproductive (R9)
phases [2] of plant growth. For each sampling, four plants
and soil material from each cultivar were transferred
immediately to presterilized bags, transported to the
laboratory under ambient conditions, and processed within
12 h of removal from the ground.

Bacterial Isolations

The soil tightly adhering to the roots (10 g) was added to
90 ml of sterile distilled water (SDW) and shaken for 30 min
at 150 rpm at 28°C to prepare a suspension. Ten-fold serial
dilutions of the suspensions were then plated onto a
nutrient agar (Nutrient broth, Difco, with 15 g/ agar) and
ammonium mineral salts (AMS) agar with 0.5% (v/v)

methanol [36] containing 10 ug/ml filter-sterilized
cycloheximide in order to inhibit any fungal growth. To
isolate the endophytes from the stem and root, the plant
material was surface disinfected with 70% ethanol for
1 min, sodium hypochiorite solution (NaOCl, 2% available
chlorine) for 5 min, and then rinsed twice with SDW. After
the surface disinfection, the stem or root material was cut,
triturated, and suspended in SDW. To isolate the leaf-
associated bacteria, freshly emerging leaves (10 g) were
collected and triturated, and a suspension was made in
SDW. The epiphytic bacteria from the florets/rice grains
were also isolated by placing 10 g of the appropriate tissue
in 250-ml Erlenmeyer flasks containing 90 ml of SDW and
agitating the flasks at 150 rpm at 22°C for 1 h. The leaf,
root, stem, and floret/grain suspensions were then plated
onto an NA and AMS agar as mentioned above, and
incubated at 28°C for 3—10 days.

Estimation of Total Bacteria and Methylotrophic
Population

The heterotrophs or the methylotrophs on NA or AMS
plates were counted on day 7 and expressed in log CFU
per g of soil or plant material used. The methylotrophic
bacteria that utilized methanol as the carbon source on AMS
plates could be divided into three different morphologies
classes in all the samples. They were grouped as three
classes: PPFMs, colonies of small to medium size (2 to
6 mm) with reddish pink pigmentation and well-defined
margins; YPFMs, medium to large size colonies with
yellow pigmentation, and NPFMs, white colonies without
any pigmentation. To express the distribution of these three
classes in each sample using a single number, this study
used the ecophysiological index (EPD=-Z(p;. log.py),
(pi=population in class i/total population) to quantify the
classes of organisms (i.e., subcommunities) with similar
characteristics on the agar [3, 30]. Representative colonies
from the higher dilutions were randomly chosen, subjected to
single-colony isolation on AMS medium, and cryopreserved
at -80°C in 50% glycerol for further studies.

Statistical Analysis

All analyses were carried out using the statistical analysis
system (SAS) Version 9.1 (SAS Institute Inc., Cary, North
Carolina, U.S.A.). Analysis of variance (ANOVA) for the
PPFM population was carried out using the General Linear
Model, GLM in SAS. The bacterial population data were
log transformed before being subjected to further analysis.
The means of the treatment results were subjected to
ANOVA and presented using Fisher’s protected least
significant difference. The model adopted was A [log CFU
(g/FW)]=C (cultivar) S (site) Sa (Sampling stage) C*S
C*Sa S$*Sa to check the effect of individual factors and
the interactions between them. A canonical discriminant
analysis (CDA) was carried out to discriminate the variations



among the provinces or varieties with reference to the PPFM
populations. Given two or more groups of observations
with measurements on several quantitative variables, CDA
derives a linear combination of the variables that have the
highest possible multiple correlation with the groups.

RESuULTS

Cultivable Total Bacteria and Methylotrophic Bacterial
Population

The distribution patterns of both heterotrophs and methylotrophs
over the growth period of rice sampled at the V10, R4, and
R9 stages were investigated in four cultivars collected from
three sites. An analysis of the total population data for
all the cultivars from the three different sites was conducted
for each stage and the results on the mean population are
discussed. The mean population of total bacteria was
significantly different among the cultivars for all the plant
parts, except for the florets and rhizosphere soil, whereas there
were no significant differences among the three sites, except
for the florets. Furthermore, the age or stage of the crop at
the time of sampling also influenced the heterotrophic
population associated with the leaf and root (Table 1). The
methylotrophic population culturable on the AMS media
showed the greatest variation among the sampled crop
stages, for all the tissue types and rhizosphere soil, whereas
no such variations existed between the cultivars or sites
sampled. In general, the methylotrophic population increased
from the early vegetative to the flowering stages, and then
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decreased during the end of the cropping season (Table 2),
whereas no such variation was observed for the total
heterotrophs. Thus, since the stage of the plant at sampling
unambiguously had the most influence on the methylotrophic
population associated with rice, the results are hitherto
discussed with reference to the stage of the crop sampled.

Distribution of Methylotrophic Population

The populations counted on the AMS plates all showed
three different morphologies, and hence the EPI was
recorded to measure their distribution among the samples,
as mentioned in Materials and Methods. The EPI values
showed significant differences with respect to the stage of
sampling, rather than the sampling sites or cultivars. The
EPI values for the leaf, soil, and stem differed significantly
among the different stages, whereas the root showed no
significant variation. Higher values of EPI were recorded
for leaf and soil than for the other tissues sampled,
indicating that the methylotrophic population in the leaf
and soil may have consisted of different types of bacteria
other than PPFMs or Methylobacterium. Similarly, the EPI
values for most of the tissues sampled were higher at the
R4 stage (Table 3).

Variations in PPFM Population Associated with Rice

The PPFM populations recovered from the different
sample groups were further concentrated and the mean
population from the different cultivars and sites tabulated
(Table 4). Whereas the methylotrophic population from the
leaf and soil showed no greater variations, the PPFM

Table 1. Colonization of rice system by total culturable bacteria at three growth stages of different cultivars sampled from three sites.

. Log CFU/g fresh weight

Cultivar

Leaf Root Soil Stem Floret Grain
Cultivar*
Cl 7.10 ab 745b 7.30a 646a 720 a 7.06 b
C2 691D 7.41b 732a 6.54 ab 7.50a 7.38 ab
C3 7.15a 772 a 717 a 6.49 ab 736a 722a
C4 6.98 ab 7.68 a 7.37a 6.56 a 724 a 7.26 ab
LSD (P<0.05) 0.24 0.18 0.21 0.10 0.31 0.22
Sampled site?
S1 7.16 a 7.68 a 7.39a 6.46 a 6.85¢ 7.30a
S2 6.83a 7.46b 743 a 6.56 a 7.33a 731a
S3 7.11a 7.55 ab 7.06 b 6.53 ab 7.80b 7.09b
LSD (P<0.05) 0.21 0.15 0.18 0.09 0.27 0.19
Growth stage of rice™
V10 6.54 ¢ 7.51b 757 a - - -
R4 747 a 7.68 a 7.19b 6.53a 7.33 7.23
R9 : 7.09b 751D 7.12b 6.50 a - -
LSD (P<0.05) 0.21 0.15 0.18 0.07

*Values represent mean population for rice cultivars collected from three sites at three growth stages. C1, I1-mi; C2, Dong-jin; C3, Nam-pyeoung; C4, O-dae;
*Values represent mean population of four different cultivars collected at three growth stages. S1, Chungbuk; S2, Ho-nam; S3, Young-nam; #values
represent mean population of four different cultivars collected from three different sites. V10, vegetative; R4, flowering; R9, harvesting. Within each vertical
column, values followed by the same letter are not statistically different according to Fischer’s protected LSD (P<0.05).
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Table 2. Colonization of rice system by methylotrophic bacteria at three growth stages of different cultivars sampled from three sites.

Sit Log CFU/g fresh weight

e Leaf Root Soil Stem Floret Grain
Cultivar*
Cl 558a 549 a 521a 3.05b 6.50 a 595b
C2 583a 550a 540a 342a 6.77 a 6.04b
C3 572a 5.61a 5.48 ab 331 ab 677 a 6.16 ab
Cc4 575a 5.50a 541 a 334a 6.93a 647a
LSD (P<0.05) 0.36 0.17 0.36 0.27 0.47 0.41
Sampled site*
S1 583 a 5.67a 523a 336a 6.67b 6.35a
S2 5.8%a 559a 535a 290 a 6.37b 5.68b
S3 544 a 531b 5.54a 3.55a 7.19a 6.44 a
LSD (P<0.05) 0.31 0.15 0.31 0.23 041 0.35
Growth stage of rice?
V10 528¢ 497 ¢ 4.67 ¢ - - -
R4 6.17 a 6.25a 6.34a 348a 6.74 -
R9 571b 535b 5.11b 3.08b - 6.16
LSD (P<0.05) 0.39 0.15 0.31 0.19

*Values represent mean population of rice cultivars collected from three different sites at three growth stages. C1, Il-mi; C2, Dong-jin; 3, Nam-pyeoung;
C4, O-dae; *Values represent mean population of four different cultivars collected at three growth stages. S1, Chungbuk; S2, Ho-nam; S3, Young-nam;
"Values represent mean population of four different Cultivars collected from three different sites. V10, vegetative; R4, flowering; R9, harvesting. Within
each vertical column, values followed by the same letter are not statistically different according to Fischer’s protected LSD (P<0.05).

population recovered from the soil remained lower
compared with that for the leaf. The endophytic population
from the roots or stem showed no greater variations. In
general, the plant type was found to have an effect on the
PPFM population, recording significant differences among
the tissues sampled except for the floret and grain. However,
the epiphytic population from grain revealed differences
among the sampled sites, whereas the leaf population showed
no significant variation between the sites (Table 4).

The variation in PPFM population throughout the crop
growth period is shown in Fig. 1 for all the cultivars
sampled. The leaf PPFM population increased from stage
V10 to stage R4, and then declined during the end of the
cropping season, irrespective of the cultivars sampled. The
root PPFM population increased from V10 to R4, and then

Table 3. Distribution of different groups of methylotrophs at
different growth stages of rice crop as measured by the Shannon-
Weaver index.

EPI (H)*
Growth stage
Leaf Root Soil  Stem Floret Grain
V10 0.58b 042a 039¢ - - -
R4 0.73a 046a 0.74a 0.37b 0.49 -
R9 034c 045a 0.54b 045a 0.54
LSD (P<0.05) 0.09 0.96 0.11  0.05

#Values represent mean population of four rice cultivars from three sites.
V10, vegetative stage; R4, flowering stage; R9, harvesting stage. Within
each vertical column, values followed by the same letter are not statistically
different according to Fischer’s protected LSD (£<0.05).

remained stable or declined towards the R10 sampling.
However, the Nam-pyeoung cultivar showed an increase
in the root PPFM population throughout the entire crop
growth. The rhizosphere soil population showed a similar
trend to that of the leaf, except for the cultivar O-dae,
where the PPFM count declined from stages V10 to R4,
and then subsequently increased at stage R10. The endophytic
stem population increased from the earlier to the later stages
of crop growth, whereas the epiphytic population recovered
from florets and grains showed differences among the
cultivars sampled (Fig. 1).

A further analysis examined how the population from
different parts of the plant varied within and between the
sampled cultivars, sites, and growth stages. The ANOVA
was carried out taking into account the log transformed
values of the colony forming units from all the sampled
cultivars, sites, and growth stages. The data obtained are
reported in Table 5, which shows the percent variance
derived from the differences between cultivars, sites, or
sampling periods taking into account the interactions within
and between them.

As can be seen, 27.44% of the variance related to
differences in the leaf population between the cultivars,
whereas the value strongly increased to 167.84% among
the sampled growth stages. The highest value of variance
for differences in the leaf, soil, or stem populations was
recorded for the sampled growth stages, whereas in roots it
was among the sampled sites. The interactive effects
between the sites and cultivars, the cultivars and growth
stages and the sites, and growth stages remained significant
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Table 4. PPFM population densities in different plant tissues and rhizosphere soil sampled at three growth stages of rice from different

sites.

Rice cultivar/

PPFM population (Log CFU g of sample)

Sampling site

Leaf Root Soil Stem Floret Rice grain
c1’ 4.41+0.15b 2.74+0.10 b 2.49+1.44 b 2.23+0.85b 6.28+0.03 a 5.59+0.16 a
C2 4.84+0.28 ba 2.86+0.22 ba 2.98+1.72 a 2.20+0.28 b’ 6.56+0.31 a 5.77+0.15a
C3 4.73+0.20 ba 3.17+0.09 ba 2.98+1.72 a 2.22+0.34 b 6.37+0.14 a 5.70+0.31 a
C4 5.24+0.11 a 3.24+0.21 a 2.95+1.70 a 2.97+0.80 a 6.38+0.14 a 5944042 a
LSD (P<0.05) 0.49 0.42 0.29 0.53 0.37 0.46
Ik 4.97+021a 3.05+0.03 a 2.80£1.62 b 2.67+0.04 a 6.31+0.09 a 5544020 a
S2 4.82+0.20 a 3.40+0.14 a 3.07£1.77 a 2.51+0.13 a 6.35+0.11 a 6.14+0.09 a
S3 4.61+0.15 a 2.56+0.12 b 2.67+1.54 b 2.04+0.05b 6.54+0.26 a 5.56+0.33 b
LSD (P<0.05) 0.43 0.36 0.25 0.46 0.32 0.40

*Values represent mean of three sampling sites and three growth stages. ‘Values represent mean of four rice cultivars and three growth stages. Within each
vertical column, values followed by the same letter are not statistically different. C1, Il-mi; C2, Dong-jin; C3, Nam-pyeoung; C4, O-dae; S1, Chungbuk; S2,

Ho-nam; S3, Young-nam.
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Fig. 1. Changes in the PPFM bacterial population associated with different rice cultivars at different growth stages.
The population represents the mean values of three plants collected from three different sites, and the bar represents the standard deviation of the mean

(n=3). **, Not determined.
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Table 5. ANOVA on PPFM bacterial population from different rice cultivars at three growth stages grouped according to sampled

tissues.
. Source*
Variance components -
Leaf Root Soil Stem Floret Grain
Among cultivars 2744 1373 16.66 21.60 2.50 (0.0834)  5.14 (0.0069)
Among sites 10.34  58.66 15.78 21.40 3.53(0.0454) 37.06
Among samplings 167.84  38.48 39.42 62.45 - -
Cultivar vs Site 56.61 2247 2.56 (0.0275) 24.27 11.07 26.46
Cultivar vs Sampling 1544 2374 15.67 5.67 (0.0021) - -
Site vs Sampling 2484  38.83 10.06 24.67 - -
Cultivar vs Site vs Sampling 10.32 2.89 (0.0026)  6.93 13.86 - -
Within tissues sampled 3126 20.28 11.24 20.23 7.56 22.57

*Percent variation among the populations. In all cases except for the values given in parenthesis, the probability (P) of having a more extreme variance
component than the observed value is £<0.0001.
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(P<0.0001). When the cumulative interaction is considered,
13.86% of the variance related to the stem population
remained the highest, followed by 10.32% for the leaf
population, 6.93% for the soil, and only 2.89% for the root
population (Table 5). The variance within the tissues
sampled was higher for leaf (31.26%) and grain (22.57%)
populations and lower (7.56%) for the floret population.
These results supported the idea that seasonal variation and
the environment also seemed to play an important role in
the fluctuations of the PPFM population in the different
plant parts.

As revealed by the ANOVA, the main effects of the
cultivars, growth stages, and sites and the interactive effect
between them remained significant for the PPFM population
from the different plant parts (Table 5). Although the effect
of the growth stage was the highest for all the plant parts
followed by the cultivar and the site, the interaction
between these three factors revealed a different scenario.
For example, the interaction between the cultivar and the
sampled site affected the leaf population (56.61) more than
the interaction between the cultivar and growth stage or the
sampled site and growth stage. Surprisingly, the interaction
of the growth stage and the cultivar or site remained
significant for the PPFM population in the root, soil, and
stem when compared with the interaction between the
cultivar and the sampled site. The overall interaction
between the three factors considered in this study remained
significant for all the populations, with the stem population
(13.86) being affected more (Table 5). Therefore, these
results clearly show that soil, plant, and environmental
factors, and their interactions within and between them,
would seem to play a role in. the PPFM dynamics
associated with plants.

To look for the most discriminating factors influencing
the PPFM population, CDA was applied to the population
data separately for each group: the variety, site, and growth
stage. The output data set on canonical variables was then
used in conjunction with a %Plotit macro to aid in the
visual interpretation of the different classes (Fig. 2). The
means of the canonical variable scores for each class were
determined for first and second canonical functions (CAN).
The CANDISC procedure for CDA performs a multivariate
analysis of variance, providing four tests of hypothesis
to compare the class means, and in the case of the sites, the
Wilks’ Lambda statistic remained significant (P=0.001).
The CAN1 and CAN2 functions accounted for 83.15% and
16.85% of the total variation, respectively, and distinguished
between the sites (Fig. 2A). The standardized canonical
coefficients showed that the leaf, root, soil, and stem
populations had the most influence on CAN1, whereas the
floret and grain populations had the most influence on
CAN2. Compared with the site S3, sites S1 and S2 had no
significant differences in the PPFM population from the
different plant parts. Thus, sites S1 and S2 may have had
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similar characteristics or conditions that favored the PPFM
population, and this was also clearly evident from the
analysis of the canonical variables, where S1 and S2 were
more closely associated (Fig. 2A). The CDA of the cultivars
or variety of rice crops did not reveal any clear differentiation
among them. The Wilks’ Lambda statistic showed no
significant variations (P=0.0129). The standardized canonical
coefficients showed that the floret and grain populations
had the most influence on CAN2, whereas for the other
populations it was CANI1. The mean values of the CAN1
had similar values for C2 and C3, hence, CAN2 was more
efficient in separating these two groups (Fig. 2B). The
rice-associated PPFM population showed significant variations
among the growth stages, which was also obtained with
the analysis of the canonical variables (Fig. 2C). The
CAN1 function accounted for 79.83% of the total variance,
whereas the remaining 20.17% was accounted for by CAN2.
The CANI1 function was most important in separating stage
R4 from stages V10 and R9, whereas CAN2 separated
stages R4 and R9 from stage V10. The standardized
canonical coefficients showed that the populations from all
the samples, except those from the grain, had the most
influence on CANI.

Discussion

Studies dealing with the exploration of rhizosphere microflora
in rice for the most part investigated the anoxic interfaces
or special functional groups of bacteria, such as methanogens
and sulfate reducers, etc. [7, 20, 32]. This work for the first
time reports the presence of methylotrophic bacteria in field-
grown rice, and the variations in the PPFM population
associated with the below and above ground plant canopy,
exploring the interaction of environmental and physiological
factors in the rice-PPFM association. The rice system
hosted methylotrophic bacteria at all three stages of growth
and in all the tissues sampled in this study. The overall
prosperity of the plant-methylotroph association may be
attributed to the unique ability of these bacteria to grow at
the expense of methanol, a cell wall product from plants.
Furthermore, the facultative methylotrophic characteristic
of Methylobacterium to cometabolize methanol with -an
alternative carbon source benefits the bacteria during
colonization [35].

Consistent with a previous report that the endophytic
and epiphytic bacterial populations in soybean varied
among the tissues sampled [17], the total heterotrophic and
methylotrophic populations in rice also varied among the
tissues sampled. The abundance of the PPFM population in
the florets and grains remains unexplained, although it may
have been related to methanol production and accumulation
in the mature seeds [24]. Considering the different factors
(i.e., plant genotype or cultivar, sampled sites, or growth
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stage), the methylotrophic population and its distribution
in rice showed greater and significant variations among the
growth stages. Biotic interactions within the plants may
have contributed to the substantially greater variability
observed in the methylotrophic population than in the
total bacterial population. However, the origins of the
physiological stage-related differences from the different
parts are likely complex and may include variability in the
endogenous and exogenous plant-derived resources and
increasing suitable conditions that favor a particular population.

The presence of PPFMs has been recovered from over
70 plant species from various families [10], and typically
>80% of the viable bacteria recovered from leaves were
PPFMs (8]. Merthylobacterium represented the largest
group of endophytic population in rice, persisting widely
among several wild and cultivated varieties {4]. The surface
and endophytic populations from the seeds of rice plants
also include Methylobacterium as one of the dominant
genera [22]. Consistent with these reports, the PPFM
population present in all the samples tested in this study
represented a greater proportion of the total methylotrophs.
A high PPFM population was reported in white clover,
with no changes or trends recognized over the sampling
period [1]. However, red clover showed a clear increase in
the bacterial count on the leaves, followed by a significant
decrease in the late spring [25]. However, these studies
only concentrated on the leaf PPFM population. In our
study, we could observe the fluctuations or variations in
PPFM populations in rhizosphere soil, as endophytes in
stem and roots, and as epiphytes in floret and grains. Qur
results showed an increase in the number of PPFMs
recovered from different parts of rice plants from V10 to
R4 and that decreased towards the R9 growth phase.
Increasingly suitable conditions for Methylobacterium
species at the flowering stage might have led to relatively
higher PPFM populations at R4. Field sites would play an
important role in determining the microbial population and
site factors that influence the composition of microbial
communities [34].

In general, this study revealed that the plant genotype or
the field sites had less effect on the PPFM dynamics than
the growth stage, as there was a clear temporal variability.
The minimal effect of the field sites may have been due to
past agricultural practices or the past cropping history of
the fields that could have masked the overwhelming
effects of the field sites during the particular cropping
period. Similarly, the effect of the plant type on a particular
group of bacteria cannot be concluded by determining the
population differences without studying the distribution of
the different associated taxonomic groups. The temporal
variability in the PPFM population could be associated
with environmental variables such as the soil type or soil
moisture, the temperature, or other climatic factors that vary
on similar time scales. The CDA analysis also revealed

that the difference in the rice-associated PPFM population
was largely driven by the growth stage rather than the
field site or plant type. Hence, it is noteworthy the the
PPFMs may have been responding in concert to environmental
characteristics that are temporally variable, although no
specific parameters influencing the bacteria were identified.

In conclusion, the present results demonstrated that the
growth stage of the plant at the time of sampling had a
more significant effect on the rice PPFM population than
the plant genotype or the sampled site. Furthermore, the
presence of a definite population of different groups
throughout the study suggests that bacterial populations
other than PPFMs may also be present as efficient metabolizers
of methanol from the plants. Therefore, the present work
sheds more light on the dynamics of PPFMs in rice and the
variation they undergo during plant development, as a
foundation for better understanding of the mechanisms
involved in plant-PPFM interactions.
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