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Abstract Bacteria from the Methylobacterium genus, called
pink-pigmented facultative methylotrophic bacteria (PPFMs),
are common inhabitants of plants, potentially dominating the
phyllosphere population, and are also encountered in the
rhizosphere, seeds, and other parts of plants, being versatile in
nature. The consistent success of the Methylobacterium plant
association relies on methylotrophy, the ability to utilize the
one-carbon compound methanol emitted by plants. However,
the efficiency of Methylobacterium in plant growth promotion
could be better exploited and thus has attracted increasing
interest in recent years. Accordingly, the present study
investigated the inoculation effects of Methylobacterium sp.
strains CBMB20 and CBMB110 on seed imbibition to tomato and
red pepper on the growth and accumulation of phytohormone
levels under gnotobiotic conditions. Seeds treated with the
Methylobacterium strains showed a significant increase in
root length when compared with either the uninoculated control
or Methylobacterium extorquens miaA~ knockout mutant-
treated seeds. Extracts of the plant samples were used for
indole-3-acetic acid (IAA), trans-zeatin riboside (#-ZR), and
dihydrozeatin riboside (DHZR) assays by immunoanalysis. The
treatment with Methylobacterium sp. CBMB20 or CBMB110
produced significant increases in the accumulation of IAA and
the cytokinins ~ZR and DHZR in the red pepper extracts,
whereas no IAA was detected in the tomato extracts, although the
cytokinin concentrations were significantly increased. Therefore,
this study proved that the versatility of Methylobacterium as a
plant-growth promoting bacteria could be better exploited.
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In recent decades, there has been increasing evidence
that besides N,-fixation and increased nutrient uptake, the
synthesis and export of phytohormones by plant-associated
microorganisms may play an important role in plant growth
promotion. Phytohormones, believed to assimilate partitioning
patterns in plants and affect growth patterns in roots, are
also called plant growth regulators because of their
regulatory role in plant growth development. There is also
evidence that the growth hormones produced by bacteria
can in some instances increase growth rates and improve
the yield of host plants [2, 4].

It is well established that many soil and plant-associated
bacterial groups, including Gram-negative and Gram-positive,
symbiotic, and nitrogen-fixing bacteria, are able to synthesize
phytohormones. Many of these bacteria can also produce
and excrete more than one phytohormone. Auxins are believed
to be essential phytohormones for plant life, as no plant
has yet been found that is unable to synthesize auxins [41].
Indole-3-acetic acid (IAA) is the main auxin in plants and
controls many important physiological processes, including
cell enlargement and division, cell specialization, tissue
differentiation, and responses to light and gravity [6, 39].
Thus, bacterial IAA producers can potentially interfere
with such processes based on the input of IAA into a
plant’s auxin pool. The quantity of [AA produced and
sensitivity of the plant tissue also play an important role in
several functions, such as root elongation and the formation
of lateral and adventitious roots [9]. Cytokinins are N°-
substituted adenine derivatives that have diverse effects on
important physiological functions in plants [26] and whose
level can alter the root functions [36]. Cytokinin production
by plant-growth promoting rhizobacteria (PGPR), including
Azotobacter, Azospirillum, Rhizobium, Bacillus, and
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Pseudomonas spp., in pure cultures has already been
reported [1, 30, 40].

Basile et al. [3] isolated some bacteria as covert
contaminants from tissue cultures of liverwort Scapania
nemorosa, where the bacteria were later identified as pink-
pigmented facultative methylotrophic bacteria (PPFMs)
belonging to the genera Methylobacterium, which are
ubiquitous on plant surfaces [3, 7, 8, 10, 11]. However, the
overall nature of the relationship of these bacteria with
plants is still not well understood. The Methylobacterium
spp., as bacterial symbionts of plants, consume plant waste
products and produce metabolites useful to plants [14, 15].
Several beneficial aspects have already been investigated,
such as the production of urease [16], stimulation of seed
germination and plant growth [14, 25], and production of
cytokinins and ACC (1-aminocyclopropane-1-carboxylate)
deaminase [24].

Accordingly, this study examined the production of
auxins and cytokinins by Methylobacterium strains in a
pure culture, along with changes in the early stages of
tomato and red pepper seedling growth after inoculation
with methylotrophic bacterial strains.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

The methylotrophic strains Methylobacterium sp. CBMB20
and Methylobacterium sp. CBMB110 were isolated from a
rice stem and leaf, respectively [24]. Unless otherwise stated,
the methylobacteria were grown for 72 h on ammonium
mineral salt (AMS) media (per liter of distilled water: 0.5 g
NH,Cl; 0.7¢ K,HPO,; 0.54 g KH,PO,; 1.0 g MgSO,
‘7TH,0; 0.2 g CaCl,2H,0; 4.0 mg FeSO,7H,0; 100 pg
ZnS0O,7H,0; 30 pug MnCl,-4H,0; 300 ug H;BO,; 200 ug
CoCl,6H,0; 10 pg CuCl,2H,0; 20 pg NiCly-6H,0; 60 pg
Na,Mo0,-2H,0; pH 6.8) supplemented with 0.5% methanol
and cycloheximide (30 pg/ml). The mutant Methylobacterium
extorquens miaA”, kindly provided by Joe C. Polacco
(Department of Biochemistry, University of Missouri-
Columbia, Columbia, Missouri 65211, U.S.A.), was cultured in
the AMS medium containing 15 pg/ml tetracycline at 30°C.

IAA and Cytokinin Production by Methylotrophic
Bacteria

The production of IAA by the methylotrophic isolates was
determined according to Ivanova et al. [18] with slight
modifications. Aliquots of 100 pl of the Methylobacterium
strains grown in the AMS broth were transferred into
50 ml of a minimal medium containing (per liter of distilled
water) KH,PO, 2.0g; (NH,),SO, 2.0 g MgSO,7H,0O
0.025 g; FeSO,-7H,0 0.002 g; pH 7.2, supplemented with
0.5% methanol (v/v) and 500 pg/ml L-tryptophan (Sigma-
Aldrich Co., St. Louis, MO, U.S.A.). After incubation

for 7 days, the density of each culture was measured
spectrophotometrically at 530 nm, and then the bacterial cells
were removed from the culture medium by centrifugation
(11,336 xg, 15 min). A 2-ml aliquot of the supernatant was
then transferred to a fresh tube, followed by the addition of
100 pl of 10 mM orthophosphoric acid and 4 ml of a
reagent (1 ml of 0.5M FeCl;6H,0 in 50ml of 35%
HCIO,). The mixture was incubated at room temperature
for 25 min and the absorbance of the pink color that
developed was read at 530 nm. The concentration of IAA
in each culture medium was determined by comparison
with a standard curve of pure indole-3-acetic acid (Sigma-
Aldrich Co., St. Louis, MO, U.S.A.).

To analyze the cytokinin production, the AMS medium
(750 ml) containing 30 pg of cycloheximide per ml in 2-1
flasks was inoculated with 100 ml of a starter culture, and
the bacteria grown to the stationary phase (5 days) at 28 to
30°C and 200 rpm [20]. The bacterial growth was assessed
by counting the CFU/ml, and the cultures clarified by
centrifugation for 5 min at 8,000 xg. The clarified supernatants
were transferred to 1-1 polypropylene bottles and stored at
80°C until the culture purity was confirmed. Immediately before
harvesting, culture aliquots were plated on the AMS medium
to check for contamination, and then sterile supernatants of
samples taken after 120 h of growth were analyzed for
cytokinin production, as described under Immunoanalysis.

Gnotobiotic Root Elongation Assay

A gnotobiotic root clongation assay was performed with
tomato and red pepper to study the effects of seed
imbibition with methylobacteria. The bacterial strains were
grown aerobically to the late-log phase in a liquid AMS
medium, and then transferred to an AMS liquid medium
containing 3 mM ACC as the sole source of nitrogen,
instead of NH,CI. The seed treatment and procedure for
the gnotobiotic growth pouch assay followed Penrose and
Glick [34]. A bacterial cell pellet was suspended in 0.5 ml
of sterile 0.03 M MgSO,7H,0, and then placed on ice. Next,
a 0.5-ml sample was removed from the cell suspension and
diluted eight to ten times in sterile 0.03 M MgSO,-7H,O to
adjust the absorbance of the bacterial suspension at 600 nm
to 0.15. Tomato (Lycopersicon esculentum L. cv Mairoku,
Sokata Korea, Seoul) and red pepper (Capsicum annuum
L. cv Barodda, New Seoul Seed Company, Kongju) seeds
(approximately 0.2 g per treatment) were soaked in 70%
ethanol for 1 min in a glass Petri dish, and then in 2%
sodium hypochlorite (NaOCl). After 10 min, the bleach
solution was aspirated and the seeds thoroughly rinsed
with sterile distilled water at least 5 times. Each dish was
incubated at room temperature for 4 h with the appropriate
treatment: sterile 0.03 M MgSO,-7H,O (used as the negative
control) or bacterial suspensions in sterile 0.03 M MgSQ,-
7H,O. The seeds were transferred aseptically to growth
pouches (CYG seed germination pouch, Mega International
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Manufacturer, U.S.A.) and incubated in a growth chamber
maintained at 20+1°C with a cycle beginning with 12 h of
dark followed by 12 h of light. Ten pouches were used for
each treatment. Seeds that failed to germinate 2 days after
sowing were marked, and the roots that subsequently
developed from these seeds were not measured. The primary
root lengths were measured on days 10 and 15 of growth
and the data analyzed. The seedlings were harvested on
day 25 and analyzed for auxin and cytokinin production
using immunoassays.

Phytohormone Analysis

Plant extraction. The extracts were prepared by
homogenizing the seedlings with a TBS buffer (each liter
contained 3.03 g Trizma base, 5.84 g NaCl, 0.2 g¢ MgCl,:
6H,0, and 0.2 g sodium azide; pH 7.2) in a ratio of 1:5
(w/v). The homogenates were clarified by centrifuging at
3,885 xg for 5 min, two times, and the supernatants collected
in 50-ml centrifuge tubes. The resulting extracts were
then used for the IAA, frans-zeatin riboside (-ZR), and
dihydrozeatin riboside (DHZR) assays.

Immunoanalysis

The cytokinin derivatives, +-ZR, DHZR, isopentenyladenosine
(iPA), and auxin IAA were all purchased from Sigma, U.S.A.
The Enzyme-Linked Immunosorbent Assay (ELISA) test
kits were purchased from AGDIA (AGDIA Inc., Indiana,
U.S.A.) and used according to kit instructions. Stock
solutions of the cytokinins and IAA (10 mM) were prepared
in methanol and stored at 4°C. Dilutions were then made
with sterile AMS media as the diluent to prepare solutions
for the standard curves. The samples were diluted as
needed to obtain accurate estimates within the standard
concentration range. The absorbance was read at 405 nm
using an ELISA plate reader (BIO-RAD Model 550, Japan).
The standards were prepared according to the instructions
given in the AGDIA kit, with the sensitivity optimum
between 0.2 to 100 pmol for ~ZR ml™', 78 and 2,500 pmol
for IAA ml™, and 0.2 to 1,000 pmol for DHZR ml™". The %
binding for each standard point or sample was calculated
using the following formula: % Binding=[standard or
sample O.D.NSB O.D.}/[Bo O.D.NSB 0O.D.]x100, where
Bo (100% Binding)=100 pl Tracer+100 pl of TBS buffer;

NSB (0% Binding) (Non Specific Binding)=100 pmol/
0.1 ml+100 pl of tracer. The best-fit sigmoid curve was
plotted using the % Binding (B/Bo %) versus the concentration
(pmol -ZR, DHZR, and IAA), and the hormone concentration
determined by interpolation of the sample values.

Statistical Analysis

The treatments were arranged in a randomized design, and
the mean, standard error analysis of variance, and LSD
were calculated using SAS package, Version 9.1 [38] with
arcsine transformations for normalizing the data.

RESULTS

IAA and Cytokinins Production by Methylobacterium
Isolates

The characteristics of the Methylobacterium strains used in
this study are listed in Table 1. A quantitative analysis
using the Salkowski reagent of the culture liquids of the
methylobacteria grown in the defined medium with L-
tryptophan and incubated for 5 days produced significantly
different amounts of IAA (P=0.05). The production of [AA
by the Methylobacterium strains CBMB20 and CBMB110
was 2.33 and 4.03 ug/ml, respectively, in the presence of

- L-tryptophan. Immunoassays using ELISA kits were also

performed to determine the cytokinins produced by the
Methylobacterium strains. The cytokinins #+ZR, iPA, and
DHZR were all present at detectable and replicable levels
in the cultures tested, with #-ZR present in smaller quantities.
The total amount of cytokinins recovered from the cultures
varied, but strain CBMB20 produced a significantly higher
amount than CBMB110.

Gnotobiotic Root Elongation Assay of Tomato and Red
Pepper Seeds

The germination percentage and root length of the
Methylobacterium strain-treated tomato and red pepper
seeds were comparatively greater when compared with
the uninoculated control. CBMB20 recorded the highest
percentage of germination, followed by CBMB110 (Fig. 1A).
After ten days in the gnotobiotic growth pouches, the roots
from the tomato seeds treated with Methylobacterium strains

Table 1. Characteristics of selected isolates of Methylobacterium spp. used in the present study.

. . . Accession IAA Concentration of cytokinin recovered (ng/l)
Strain Location Crops/cultivar c -
number  (ug/ml) t-ZR° iPA® DHZR® Total
CBMB20 Cheongwon® Rice/Nampeoung AY683045 2.33+0.11 47.01+£0.45 32.92+1.43 23.40+0.94 103.33+£3.45
CBMBI110 Milyang Rice/lIMi AY683046 4.03£0.20 41.87=1.26 26.23£1.24 15.51£0.82  83.61+0.65

*Chungbuk Provincial Agricultural Research and Extension Services, Cheongwon.

"National Yeongnam Agricultural Experiment Station, RDA, Milyang.

‘Data obtained from Madhaiyan er al. [24]. Each value represents mean+SE of three replicates. IAA, indole-3-acetic acid; r-ZR, trans-zeatin riboside; iPA,

isopentenyladenosine; DHZR, dihydrozeatin riboside.
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Fig. 1. Effect of Methylobacterium spp. inoculation on germination
% (A) and root length (B) under gnotobiotic conditions.
Each value represents+SE, n=3. Mean root lengths of tomato and red
pepper seedlings according to root elongation assay based on measurements
of 50 seedlings (5 seeds/growth pouch; 10 pouches/treatments).

CBMB20 and CBMB110 showed a significant increase in
the root length when compared with either the control or
the miaA™ knockout mutant-treated seeds, recording 5.81
and 6.72 cm, respectively (Fig. 1B). The percentage increase
in root length compared with the control was 39.42% when
treated with CBMB20, whereas CBMB110 recorded higher
increases over the control amounting to 61.25%. Similar
results were also obtained with the red pepper seeds, where
the Methylobacterium treatments produced a significant
increase in the root length when compared with either the
control or the miaA™ knockout mutant-treated seeds, based
on measurements taken on day 15 of the gnotobiotic assay
(Fig. 2). The roots of the Methylobacterium strain-treated
red pepper seeds were, on average, nearly twice as long
as those of the untreated plants, recording a 49.29 and
66.39% increase over the control with CBMB20 and
CBMB110, respectively.

Plant Hormone Analysis
The effect of Methylobacterium inoculation on plant growth
hormones was assessed by detecting IAA and cytokinins

Fig. 2. Response of root systems for red pepper (A) and tomato
(B) seedlings after inoculation with Methylobacterium spp.

1, Uninoculated control; 2, Methylobacterium sp. CBMB20; 3,
Methylobacterium sp. CBMBI110; 4, Methylobacterium extorquens miaA™.
Photos were taken 3 weeks after gnotobiotic root elongation assay of
growth pouch experiments.

in tissue extracts from tomato and red pepper seedlings.
The plants were grown under gnotobiotic conditions and
the hormones detected by immunoassays using an ELISA
kit. For the tomato secedlings, no detectable amounts of
TAA were found, although the presence of --ZR and DHZR
was recorded. The Methylobacterium strains produced
significantly higher amounts of -ZR than the control, with
CBMB20 recording the highest, amounting to 0.0125 pmol/ g
FW. A similar trend was also seen with DHZR, but the
differences were not significant (Table 2). The effect of
Methylobacterium inoculation on the plant growth hormones
was more prominent in the red pepper seedlings compared
with the tomato seedlings. The amount of IAA in the treated
seedlings was significantly different compared with that in
the control. M. extorquens mia4", which is unable to produce
-ZR, produced detectable amounts of IAA, amounting to
56.69 pmol/g FW. The cytokinins in the red pepper tissue

Table 2. Cytokinin accumulation in tomato seedlings inoculated
with Methylobacterium spp. under gnotobiotic conditions.

Concentration of cytokinin

derivatives
Treatment (pmol/g fresh weight)
t-ZR DHZR Total
Control 0.007c¢ 0.468ba 0475b

Methylobacterium sp. CBMB20 0.013a 0.475ba 0.488 cb

Methylobacterium sp. CBMB110 0.012b 0.431b 0.443 ¢
M. extorquens miaA” 0.008b 0.501a 0.509a
LSD (P<0.05) 0.001  0.082 0.052

Each value represents the mean of six replicates per treatment. In the same
column, significant differences according to the LSD at P<0.05 levels
are indicated by different letters. #-ZR, frans-zeatin riboside; DHZR,
dihydrozeatin riboside.
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Table 3. Auxin and cytokinin accumulation in red pepper seedlings inoculated with Methylobacterium spp. under gnotobiotic

conditions.
IAA Concentration of cytokinin derivatives (pmol/g FW)

Treatment

(pmol/g FW) t+-ZR DHZR Total
Control 60.80 ¢ 0.011b 0253 ¢ 0270 ¢
Methylobacterium sp. CBMB20 61.65b 0.022a 0.562 ba 0.584 b
Methylobacterium sp. CBMB110 68.27 a 0.013 ¢ 0.658a 0.671 a,
M. extorquens miaA” 56.69d 0.012d 0511b 0.523b
LSD (P<0.05) 0.00 0.004 0.097 0.070

Each value represents the mean of six replicates per treatment. In the same column, significant differences according to the LSD at P<0.05 levels are
indicated by different letters. £~ZR, frans-zeatin riboside; DHZR, dihydrozeatin riboside; IAA, indole-3-acetic acid.

extract increased with Methylobacterium inoculation. The
t-ZR concentration in the Methylobacterium-treated seedlings
was significantly increased compared with that in the control
and miaA™ mutant. The concentration results for DHZR were
also similar, although the inverse of +~ZR, as CBMB110
produced more than CBMB20 at 0.562 and 0.658 pmol/g
FW of DHZR, respectively (Table 3). Thus, the total amount
of cytokinins in the seedlings greatly varied according to
the treatment, recording significant increases of more than
30% compared with the control.

DISCUSSION

Methylotrophic Methylobacterium, commonly called PPFMs,
are Gram-negative aerobic rods normally found in the
phyllosphere of many plant species. PPFMs are also
encountered in the rhizosphere, seeds, and other parts of
plants, being versatile in nature, and their role in plant
growth promotion has recently attracted interest and been
proven in several studies [23, 25, 32]. The advantage for
plant-associated methylotrophic bacteria is a rich supply of
plant hormones, as most of the metabolic products of the
methanol released by plants are lost from leaves during
leaf expansion, which is catalyzed by pectin methylesterase
[12,29]. In the present study, the two Methylobacterium
strains used, CBMB20 and CBMB110, produced significant
amounts of TAA, and immunoassays using ELISA kits
were performed to determine whether these strains also
produced cytokinins. The cytokinins -ZR and DHZR were
both present at detectable and replicable levels in the
cultures tested, with 7-ZR present in smaller quantities.
Thus, the plant growth promotion observed after inoculation
with the Methylobacterium spp. may be mainly attributed
to the biosynthesis and secretion of cytokinins and IAA
[18, 20, 25, 31]. PPFMs synthesize IAA predominantly by
an alternate tryptophan-dependant pathway, through indole-
3-pyruvic acid [18]; however, the role of bacterial IAA in
plant growth promotion remains undetermined.

The promotion of root growth is one of the major
markers used to measure the beneficial effect of plant

growth-promoting bacteria [13, 19, 21, 27, 33, 35, 37]. The
rapid establishment of roots, whether by the elongation of
primary roots or proliferation of lateral and adventitious
roots, is advantageous for young seedlings, as it increases
their ability to anchor themselves in the soil and obtain
water and nutrients from their environment, thereby enhancing
their chances for survival. Holland [14, 15] reported that
PPFMs could be used as a seed inoculum or in seed
coatings designed to enhance the germinability, storability,
or vigor of seeds.

In the present investigation, gnotobiotic assays were
conducted to test the effects of inoculation with
Methylobacterium strains on root elongation in the case
of tomato and red pepper seeds. Following ten days in
gnotobiotic growth pouches, the roots from the tomato
seeds treated with the Methylobacterium strains showed a
significant increase in length when compared with either
the control or the miaA™ knockout mutant-treated seeds.
Similar results were also obtained for the red pepper seeds,
where the Methylobacterium treatment produced a significant
increase in the root length when compared with either the
control or the miaA™ knockout mutant-treated seeds. These
results also matched the results of previous studies with
rice and sugarcane crops, where treatment with certain
cytokinin-producing Methylobacterium strains increased
growth [23,25]. The differences recorded between the
strains may be related to their ability to promote the early
germination of seeds. The results observed for the spent
culture media, which promoted better seed germination
than the bacterial cells, may have been due to diffusible
substances secreted into the medium by the methylotrophic
bacteria [20]. However, this requires an understanding
of the nature of the substances, other than plant growth
hormones, available in the spent culture.

It has already been reported that the production of
growth-promoting substances, like IAA and cytokinins, on
the phyllosphere contributes to the survival of PPFMs
[7,14,16,17,22,23]. Thus, in the present study, the
amount of IAA and cytokinins in the tissue extracts of the
Methylobacterium-treated tomato and red pepper seedlings
detected using an ELISA immunoassay kit provided support
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to the speculative theory proposed by Holland [14] that
cytokinins are produced by epiphytic bacteria that rapidly
colonize the juvenile plant after germination and are not a
product of the metabolism of plant cells.

In the treated tomato seedlings, no detectable amounts of
IAA were found, although the presence of ~-ZR and DHZR
was recorded. The effect of Methylobacterium inoculation
on the plant growth hormones was more prominent in the
case of the red pepper seedlings, where significant increases
in the amount of IAA were observed, as well as an increase
in the amount of cytokinins. Therefore, the total amount of
cytokinins in the seedlings varied greatly according to the
treatment, recording significant increases of more than
30% compared with the control. Concurrent studies by
Butler ef al. [5] showed that the application of PPFMs to
plants produced significantly higher levels of #ZR in
plants with high numbers of PPFMs than in plants with
small PPFM populations.

Accordingly, the present investigation of the inoculation
effects of plant-growth promoting methylotrophic bacteria
on tomato and red pepper seeds produced satisfactory
results, recording significant increases in plant growth and
plant hormone concentrations over the uninoculated control.
Therefore, this study proved that the versatility of
Methylobacterium as a Plant-growth Promoting bacteria
could be better exploited.
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