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RESEARCH ARTICLE

Gibberellins synthesized by the entomopathogenic bacterium, Photorhabdus temperata M1021
as one of the factors of rice plant growth promotion
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In the present study, different types of gibberellins (GAs) in the culture filtrate (CF) of Photorhabdus temperata M1021
were quantified. The analysis of CF helped in profiling various bioactive GAs: GA1, GA3, GA4, and GA7. Several
physiologically inactive GAs: GA9, GA12, and GA20 were detected as well. Siderophore production was also
investigated by growing P. temperata M1021 on chrome azurol-S blue agar plates. Furthermore, the strain was
inoculated into ‘Waito-C’ (Oryza sativa L.) rice plants, which significantly (P < 0.05) increased plant growth attributes
such as plant length, chlorophyll content, and fresh and dry biomass compared with those in controls. In a separate
experiment, canola (Brassica napus L.) seeds treated with CF of M1021 were significantly (P < 0.05) accelerated
germination rate as well as biomass production. Findings of the present study suggest that the strain M1021 contributes
an important role in the plant growth by synthesizing a wide array of bioactive metabolites.
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Introduction

Photorhabdus species are members of Enterobacteriaceae
that invade and kill insects and live in symbiotic associ-
ation with soil-dwelling entomopathogenic heterorhabditis
nematodes (Akhurst 1980; Jang et al. 2012). Bacteria from
the genus of Photorhabdus are currently used in many
parts of the world as substitutes for chemical pesticide
(agrochemical) application to control agricultural pests
(Grewal et al. 2001). However, thorough investigation of
the effects of Photorhabdus spp. on plant growth and
development is essential before its development as a
biocontrol agent. Genome analysis of Photorhabdus
spp. has revealed many genes responsible for the
production of metabolites other than proteinous meta-
bolites (Duchaud et al. 2003; Park et al. 2013), and
biochemical analyses of culture extracts have confirmed
the existence of secondary metabolites such as antimi-
crobial and insecticidal compounds (Seo et al. 2012),
siderophores (Watson et al. 2005), and phytohormones
indole-3-acetic acid (Ullah et al. 2013).

Photorhabdus spp. produce siderophores for ento-
mopathogenic and antimicrobial activities (Watson et al.
2010) however, in the rhizosphere, Siderophores chelate
iron (Fe3+) and accelerate its mobility in the rhizosphere,
making it available to plants (Römheld & Marschner
1981). Indirectly siderophores chelate Fe3+, making it
inaccessible to pathogens and hence irradiate them from
the surround environment and facilitate the plants to
flourish (Joo et al. 2009; Glick 2012). Gibberellins (GAs)
are plant hormones that initiate various metabolic func-
tions, i.e. stem elongation, flowering, fruit formation,
seed germination, and senescence (Taghavi et al. 2010;

Kang et al. 2012). Besides the plants, GAs have been
detected in fungi, for example, Aspergillus caespitosus
LK12 and Phoma sp. LK13 (Khan et al. 2014), Paecilo-
myces formosus LHL10 (Khan et al. 2012), Aspergillus
fumigatus sp. LH02 (Khan et al. 2011), Penicillium
funiculosum LHL06 (Khan & Lee 2013). Similarly,
bacterial genus e.g. Bacillus pumilus, Bacillus cereus,
Bacillus macroides (Joo et al. 2004), Acinetobacter
calcoaceticus SE370 (Kang et al. 2009), Promicromo-
nospora sp. SE188 (Kang et al. 2012), Burkholderia
cepacia SE4 (Kang et al. 2010), Pseudomonas spp.
(Goswami et al. 2013) have been successfully analyzed
for the GAs production. Entomopathogenic bacteria have
been recently reported to produce plant growth regula-
tors (Raddadi et al. 2008), that not only improve plant
growth and development but also enhance the fitness of
the host against a diverse array of environmental stresses
(Joo et al. 2009; Kang et al. 2012). Bacteria produce
GAs in culture extract that can be detected using gas
chromatography coupled with mass spectrometry (GC/
MS) with selected ion monitoring mode (SIM), which
has been used extensively for the analysis of metabolites
because of its greater separation efficiency that resolves
very complex biological mixtures (Schneider et al. 1985).

Achieving the dual impacts of plant growth promo-
tion and pest control with an entomopathogenic microbe
is an ideal strategy for combatting various environmental
and crop production threats. Exploring and assaying
such beneficial microbes and their relationship to crop
plants are new directions in agricultural biotechnology
(Berg 2009). The present study used GC/MS–SIM to
analyze plant growth-promoting hormones (GAs) in the
culture extract of P. temperata M1021 and assessed the
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roles of these hormones in plant health and growth
promotion. These analyses are initial steps in exploring
the potential to exploit P. temperata as a bio-fertilizer,
plant strengthener, phyto-stimulator, and biopesticide.
Further study is needed to explore the many other poten-
tially beneficial applications of P. temperata in agriculture.

Materials and methods

Culture preparation and maintenance

The present study was carried out with P. temperata
strain M1021, identified, and characterized from soil
entomopathogenic nematodes collected from the South
Korean locations reported in our previous study (Jang
et al. 2012). Whilst the draft genome sequencing of the
strain has also been accomplished and the sequence is
available in GenBank Whole-Genome Shotgun (WGS)
database under the accession no. AUXQ00000000 (Park
et al. 2013). During the present study the agricultural
aspects of the strain were analyzed to determine its effect
on plant growth. During the present study, the strain
M1021 was routinely cultured in Luria-Bertani (LB)
broth (0.5% yeast extract, 1% NaCl, 1% tryptone) and
incubated at 28 ± 2°C for 48 h to prepare a pre-culture
with an initial optical density of 0.6 at 600 nm. The
strain was cultured on LB agar plant and in broth for
both short- and long-term storage and subsequent use in
experiments.

Siderophore production assay with chrome azurol-S
(CAS) blue agar

All laboratory wares were treated with 6 M HCl to
eliminate iron and rinsed thoroughly with autoclaved
distilled water (DW). The CAS assay was modified for
M1021 to test its capability for siderophore production.
One litter CAS blue agar was prepared according to the
procedure of Schwyn and Neilands (1987). Solution A
consisted of 60.5 mg CAS dissolved in 50 ml double
distilled water and mixed with 10 ml ferric (Fe3+)
solution (1 mM FeCl3 6H20, 10 mM HCl). The solution
was added to 72.9 mg hexadecyltrimethylammonium
dissolved in 40 ml water with gentle stirring. The dark
blue solution was autoclaved at 121°C for 15 min.
Solution B was prepared with 750 ml water, 15 g agar,
30.24 g PIPES, and 12 g of a solution of 50% (w/w)
NaOH to raise the pH to 6.8. Solution B was auto-
claved. The two solutions were mixed and agitated
carefully to avoid foam formation. The CAS blue agar
was poured into Petri plates and allowed to solidify and
room temperature. The M1021 culture was grown on
the LB agar plates for 3 days at 28 ± 2°C and equal size
colonies were transferred to the CAS blue agar plates.
The plates were incubated at 28 ± 2°C for 12 days and
diameter of the colonies was measure at regular interval
of time. Uninoculated CAS blue agar plates were used
as control.

Quantification of GAs from the extract of M1021

To characterize the GAs secreted by M1021, we
cultivated M1020 in LB broth for 7 days at 28 ± 2°C
in a shaking incubator at 200 ± 20 rpm. The bacterial
culture was then centrifuged at 10,000× g for 10 min at
4°C, and the supernatant was filtered through a 0.45-µm
cellulose acetate filter. The culture filtrate (CF) was used
to extract and purify GAs as described by Lee et al.
(1998). The filtrate was acidified to pH 2.8 ± 0.2 with 1
N HCl and extracted three times with a 2× volume of
ethyl acetate (EtOAc). Then, the organic layers were
combined and dried under vacuum at 45°C in a rotary
evaporator. Nearly dry residues were resuspended in
60% methanol (MeOH), and the pH was adjusted to
8 with 2 N NH4OH. Before further analysis, deuterated
GA internal standards ([17, 17-2H2] GA1,2,…n) were
added to the CF. Quantification of GAs was performed
according to the method of Lee et al. (1998).

The extract was then passed through a Davisil C18
open column (90–130 µm; Alltech, Deerfield, IL, USA)
and eluted with 40 ml 60% MeOH, and the eluent was
saturated by evaporating excess solvent at 45°C under
vacuum. The sample was then dried onto diatomaceous
earth and loaded onto a SiO2 partitioning column
(deactivated with 20% water) to separate the GAs as a
group from more polar impurities. GAs were eluted with
80 ml 95:5 (v/v) EtOAc:hexane saturated with formic
acid. The eluent was dried at 45°C in vacuum and
resuspended in 5 ml EtOAc, and formic acid residues
were neutralized via dropwise addition of a 2 N NaOH
solution. Then, the solution was partitioned three times
against 5 ml 0.1 M phosphate buffer (pH 8.0). Exactly
1 g polyvinylpolypyrrolidone was slurried for 1 h with
the combined aqueous phases, and the pH was reduced
to 2.5 with 6 N HCl. The extract was partitioned again
with a 1× volume of EtOAc. The partitioning was
repeated three times, combined fractions were dried
under vacuum, and the residues were resuspended in
2 ml of 100% MeOH.

The sample was prepared for high-performance
liquid chromatography (HPLC) using a C18 column
(Waters Corp., Milford, MA, USA) and eluted at 1 ml
min−1 with the following gradient: 0–5 min, isocratic
28% MeOH in 1% aqueous acetic acid; 5–35 min, linear
gradient from 28% to 86% MeOH; 35–36 min, 86% to
100% MeOH; 36–40 min, isocratic 100% MeOH. Forty-
eight fractions of 1.0 ml each were collected. The
fractions were then evaporated using a Savant Automatic
Environmental Speed-Vac (AES 2000, Madrid, Spain).
Methyl esters of the fractions were prepared by dissol-
ving the residue in 1 ml MeOH and adding 1 ml ethereal
diazomethane. The excess diazomethane was removed
under a stream of dry, oxygen-free nitrogen gas. The
methylated samples were redissolved in EtOAc before
analysis with a GC/MS–SIM system (6890N Network
GC System and 5973 Network Mass Selective Detector;
Agilent Technologies, Palo Alto, CA, USA).

For each GA, 1 µl of sample was injected into the
GC/MS instrument. Full-scan mode (the first trial), three
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major ions of the supplemented [17-2H2] GA internal
standards, and the bacterial GAs were monitored
simultaneously. The bacterial CF GAs were calculated
from the peak area ratios. The retention time was deter-
mined using hydrocarbon standards to calculate Kovats
retention indices (Table 1). The data were reported in
nanograms.

Bioassay on ‘Waito-C’
Culture extract of M1021 was tested in a bioassay with
‘Waito-C’ (Oryza sativa L.) rice plants to monitor effects
on plant health such as plant morphology and physi-
ology. Seeds were surface sterilized via soaking in 75%
ethanol for 2 min and then disinfected (sodium hypo-
chlorite:water:0.05% Triton X-100 in a v/v ratio of
3:2:2) for 1 min. Seeds were washed thoroughly, soaked
in autoclaved DW, stored in a desiccator at 4°C for 72 h,
and germinated on autoclaved filter paper. Two ‘Waito-
C’ seedlings were transplanted per pot (50 ml) filled with
30 ml of 0.8% (w/v) water agar medium. The plants
were grown in a controlled environment in a growth
chamber with 16 h, 30°C day (light intensity, 20,000 lx)
and 8 h, 20°C night regimens and a relative humidity of
approximately 70%. The inoculum was prepared by
inoculating 3 ml of LB broth with a single colony of
M1021 and incubated at 28 ± 2°C for 48 h at 200 rpm.
The culture broth was used to seed 100 ml LB broth,
which was further seeded into 1 L LB broth. The culture
broth was then incubated at 28 ± 2°C for 7 days in a
shaking incubator at 200 rpm. Seven-day-old culture was
used as inoculum, and ‘Waito-C’ seedlings were treated
with 5 ml bacterial suspension at the two-leaf stage.
Growth attributes such as plant length, fresh biomass,
dry biomass, and chlorophyll content were recorded after
21 days of treatment and compared with those of control
seedlings treated with LB or DW. The experiment
consisted of 10 plants per treatment, and three replica-
tions were performed.

Seed germination test on Canola

An experiment was designed to analyze the effects of
M1021 extract on seed germination and dormancy and
biomass production. Canola (Brassica napus L.) seeds
were used for the assay. Seeds were surface sterilized via
treatment with 70% ethanol for 1 min followed by 2%
NaOCl treatment for 30 s. M1021 was grown in LB
broth for 7 days at 28 ± 2°C in a shaking incubator at
200 ± 20 rpm. The culture broth was partitioned into
pellets and supernatant via centrifugation at 10,000× g
for 10 min at 4°C, and the supernatant was filtered
through a 0.2-µm cellulose acetate filter. Up to 50 ml
supernatant was lyophilized at −70°C in a freeze dryer.
The lyophilized supernatant was mixed with 2 ml
autoclaved deionized DW, and 1 ml of this solution
was applied to the canola seeds. The seeds were then
transferred to sterilized filter papers and soaked with
1 ml autoclaved deionized DW in a Petri dish.

The germination test lasted for 1 week at 28°C and
70% humidity and monitored the effects of the treatment
on seed germination as well as the biomass of the canola
plant seedlings. Canola seeds treated with LB media
and DW were used as positive and negative controls,
respectively. The experiment consisted of 10 seeds per
treatment, and 3 replications were performed.

Statistical analysis

Data were analyzed statistically for standard deviation
using EXCEL software (Microsoft). Mean values were
compared with Duncan’s multiple range test at a P value
of 0.05 (analysis of variance; SAS release 9.1; SAS,
Cary, NC, USA).

Results and discussion

GAs quantification culture extract

M1021 CF was subjected to HPLC and GC/MS–SIM
analysis for the quantification of GAs. GC/MS–SIM
analysis detected GA ion signals in correlation with

Table 1. GC/MS–SIM analysis of HPLC fractions of pure culture filtrate of M1021.

HPLC fraction RT (minutes) Sample/standard GAs KRI m/z (%, relative intensity of base peak)a

13∼15 24.69 Sample GA1 2674 506 (100) 491 (13) 313 (17)
Standard [2H2] GA1 2674 508 (100) 493 (15) 315 (19)

11∼15 24.69 Sample GA3 2692 504 (100) 489 (8) 370 (9)
Standard [2H2] GA3 2692 506 (100) 491 (10) 372 (11)

34∼35 23.81 Sample GA4 2506 284 (100) 225 (80) 289 (70)
Standard [2H2] GA4 2506 286 (100) 227 (76) 291 (71)

33∼35 24.50 Sample GA7 2514 222 (100) 284 (30) 506 (5)
Standard [2H2] GA7 2514 524 (100) 289 (25) 507 (5)

37∼38 23.03 Sample GA9 2305 298 (100) 270 (78) 227 (48)
Standard [2H2] GA9 2305 300 (100) 272 (77) 229 (48)

40∼45 22.02 Sample GA12 2320 418 (100) 403 (90) 377 (80)
Standard [2H2]GA12 2320 420 (100) 405 (90) 375 (75)

24∼26 23.7 Sample GA20 2485 418 (100) 375 (45) 403 (14)
Standard [2H2]GA20 2485 420 (100) 377 (45) 405 (13)

aIdentified as methyl ester trimethylsilyl ether derivatives through comparison with reference spectra and KRI data.
Note: GAs were identified with three ions and quantified by the first ion through comparison with labeled standards.
RT, retention time; GAs, gibberellins; KRI, Kovats retention indices.
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[2H2] GA standards (see Table 1) and revealed the
presence of GA1, GA3, GA4, GA7, GA9, GA12, and
GA20. These GAs were identified and quantified by
comparing their mass spectra and Kovats retention
indices with those available from a spectral library
(Supplemental data). The bioactive GA1, GA3, GA4,
and GA7 were the most abundant GAs and were present
in concentrations of 25 ng, 8.16 ng, 1.32 ng, and 0.4 ng
ml−1 of CF, respectively. However, physiologically
inactive GAs such as GA9, GA12, and GA20 were also
present in concentrations of 30.39 ng, 4.45 ng and 10 ng
ml−1 of CF, respectively (Figure 1).

Previous reports have provided detailed information
about various bioactive metabolites such as GAs pro-
duced by bacterial species (Joo et al. 2009; Kang et al.
2012). In the present study, we detected different
bioactive and inactive GAs in the CF of M1021, and
these results are strongly supported by earlier reports
suggesting that entomopathogenic bacteria produce plant
hormones. Raddadi et al. (2008) have reported that
several strains of Bacillus thuringiensis produce various
growth-promoting metabolites including phytohor-
mones. Similarly, Ullah et al. (2013) have reported that
P. temperata produces plant growth hormones. These
reports suggest that entomopathogenic bacteria can
interfere with plant hormones in complex ways. Further-
more, many species of bacteria have been demonstrated
to produce various GAs but unlike the plants, there is no
known role for GAs, rather they seem to be secondary
metabolites that are not directly involved in the normal
growth and development of the bacteria. However, the
exogenous GAs produced by various bacterial strains are
actively involved in the plant growth and promotion
(Waqas et al. 2014). For example, Kang et al. (2009)
have reported that a strain of A. calcoaceticus SE370
secretes 10 GAs into its growth environment, including
the bioactive GA1, GA3, and GA4. Similarly, Joo et al.
(2004, 2005) have identified GAs in B. cereus MJ-1,
B. macroides CJ-29, and B. pumilus CJ-69. Several

studies of Azospirillum sp. have characterized GAs using
capillary GC/MS. GA analysis using HPLC coupled
with GC/MS–SIM gives more reliable results than those
obtained using thin-layer chromatography, bioassays, or
HPLC with ultraviolet detection, which have poor
resolution and decreased reliability (Hamayun et al.
2011; Waqas et al. 2013; Khan et al. 2014). GC/MS–
SIM is an established method for identifying targeted
novel secondary metabolites, and our results were
confirmed when we detected no GAs in the bacterial-
free culture broth treated as same using negative control.
The repetition of the experiment and correlation with
deuterated GA standards further confirmed our findings.

Siderophore production assay

To evaluate siderophore production in M1021, we
stabbed M1021 colonies over CAS blue agar plates and
incubated the plates at 28 ± 2°C. The plates were
observed for 12 days for bacterial siderophore produc-
tion. The color of the CAS blue agar changed to pink
and then orange and the diameters of the haloes were
dilated with the elapse of time during the incubation
(Figure 2). Orange haloes around the M1021 colonies
indicated the presence of chelators such as siderophores
produced by bacterial colonies in the surrounding media,
and increases in the diameter of the orange zones with
time suggested the augmentation of siderophores in the
medium. Watson et al. (2005) have also investigated
siderophore production in P. temperata on agar plates
and reported similar results, confirming that Photorhab-
dus bacteria produce siderophores. Previous reports
reinforce the results of the present study and suggest
that iron association imparts the blue color in the CAS
media, which changes from blue to orange in the
presence of iron chelators because the iron is detached
from the dye. Iron uptake in plants is reportedly

Figure 1. Detection of gibberellins in the culture broth of
Photorhabdus temperata M1021. The analysis for the presence
of various bioactive and inactive GAs in the culture extract was
undertaken according to the Lee et al. (1998). The concentra-
tions of different types of GAs were calculated in ng ml−1.
Mean values were calculated from the results of three
replicates; error bars show standard deviations.

Figure 2. Siderophore-producing strain M1021 was inoculated
onto agar-containing chrome azurol-S (agar-CAS) and incu-
bated for 12 days at 30°C. Halo zones were calculated by
subtracting the colony diameter from the total diameter and
the measurement was presented in ‘millimeter’. Given values
represent the means of three replications; error bars indicate
standard deviations.

I. Ullah et al.778

http://dx.doi.org/10.1080/17429145.2014.942956


enhanced by siderophores produced by several microbes
(Miethke & Marahiel 2007; Pérez-Miranda et al. 2007).
Photorhabdus spp. have been investigated by Watson
et al. (2005) and Ciche et al. (2003) for the siderophore
production at genetic level and reported exbD and ngrA
genes (PPTase), encoding a component of TonB protein
complex and 4′-phosphopantetheinyl transferase, respect-
ively. These genes are responsible for the siderophores
production in the bacterium. TonB complex and (PPTase)
enable the Photorhabdus spp. to flourish in conditions
where iron is not freely available in the environment
(medium). According to Watson et al. (2010), side-
rophore production is an entomopathogenic character-
istic of the Photorhabdus spp. through which they
chelate the Fe3+ from the hemolymph, leaving the insect
deprived of Fe3+, resulting death of the host. Previously,
Römheld and Marschner (1981) and Zocchi et al. (2007)
have suggested that Fe3+ chelating potential and chem-
ical stability of the siderophores can be exploited for the
plant growth promotion, as siderophores chelate iron,
making it unavailable to pathogens and thereby suppres-
sing the growth of microbial pathogens in specific niches
surrounding plants and improving plant health and
growth indirectly. Others have hypothesized that side-
rophores chelate Fe+3, significantly increasing its mobil-
ity in the soil and making it more accessible to plants
(Römheld & Marschner 1981; Dobbelaere et al. 2003).
Overall, the above results support the inference that in
addition to being plant growth hormones, siderophores
produced by M1021 could be factors that promote plant
health and growth. However further study is required to
identify the exact pathway and type(s) of the specific
siderophore(s) secreted by strain M1021 in the medium.

Plant growth promotion by P. temperata M1021

The entomopathogenic role of M1021 is well established
and has been thoroughly studied, but its genome also
contains genes responsible for the production of benefi-
cial metabolites such as plant growth hormones (Park
et al. 2013). The role of M1021 in plant growth
regulation has been poorly investigated. Plant bioassays
carried out in the present study revealed the positive
effects of M1021 on the health and growth of rice plants
and showed that microbial treatment enhanced the
growth attributes of plants. ‘Waito-C’ (dwarf plants that
are mutant for reduced GA production) were selected for
the plant growth assay. Inoculation of M1021 into
‘Waito-C’ plants significantly enhanced their growth
attributes: plant length, the fresh and dry biomass of

the plants, and chlorophyll content were significantly
increased compared to those in control plants treated
with LB media and DW.

M1021 application increased shoot length by 66.58%
and 40.87% compared with that associated with DW and
LB treatment, respectively (Table 2). The dry weights of
the shoots and roots of M1021-treated plants also
increased significantly. M1021-treated plants were
48.97% and 37.13% heavier than DW- and LB-treated
plants, respectively. Similarly, chlorophyll content of the
‘Waito-C’ plants was measured in response to M1021
treatment. The results showed that the bacterial treatment
increased chlorophyll content by 14.46% compared with
that in controls. The present study demonstrated that the
bioactive GAs and siderophores produced by M1021,
may be potential factors of growth promoting rice plants.
This bacterium produced seven different GAs including
four physiologically bioactive GA1 (25 ng ml−1), GA3

(8.16 ng ml−1), GA4 (1.36 ng ml−1), and GA7 (0.5 ng
ml−1). The results suggest that the bioactive GAs can be
a vital factor, contributing in plant growth promotion
even at very low concentrations. However, concentra-
tions of the exogenous bioactive GAs higher than 1000
ng ml−1 inhibit the growth promotion in plants (Inada &
Shimmen 2000). Previously, Kang et al. (2009) and Joo
et al. (2009) observed that inoculation of rice seedlings
with rhizobacteria e.g. Promicromonospora sp. SE188,
Burkholderia sp. KCTC 11096BP and A. calcoaceticus
(Rhizobium strains) increased the seedling vigor, root
length, shoot length, and yield of rice plants whilst the
rhizobacteria was also producing different types of
bioactive GAs. The secretion of bioactive metabolites
into growth medium by microbes indicates great advan-
tages for agricultural cash crops such as wheat, rice,
Brassica juncea, and barley (Khan et al. 2013). Earlier
reports have disclosed that bioactive cultures can activate
endogenous GA biosynthesis pathways in treated plants
(Kang et al. 2012). GAs act as signaling molecules which
degrade the DELLA protein complex and allow the
phytochrome interacting factors to bind the gene promo-
ters and regulate gene expression (Davière et al. 2008).
Siderophore production is another characteristic of the
M1021 through which bacteria chelate Fe3+, making it
unavailable to pathogens as well as increase it mobility in
rhizosphere and thereby, improve plant growth attributes
(Römheld & Marschner 1981; Zocchi et al. 2007).

Dwarf rice (‘Waito-C’) was used in this experiment,
as it is a GA biosynthesis mutant line with a passive dy
gene that synthesizes bioactive GAs via a C13 hydro-
xylation pathway (Ikeda et al. 2001). ‘Waito-C’ rice

Table 2. Effects of Photorhabdus temperata M1021 culture extract on growth attributes of ‘Waito-C’ rice seedlings.

Treatment Plant length (cm) Plant CC (SPAD) Plant FB (mg) Plant DB (mg)

LB (control) 8.92 ± 1.29b 21.97 ± 1.13c 86.43 ± 5.51c 6.4 ± 0.62c

DW (control) 8.16 ± 1.24b 20.68 ± 1.37b 79.18 ± 5.79b 6.15 ± 0.39b

M1021 19.80 ± 1.78a 28.92 ± 0.85a 114.29 ± 9.88a 11.56 ± 0.22a

Note: Values are expressed as mean ± standard deviation with n = 3. Different alphabetical letters in the same column for each set of treatment indicate
significant differences at P < 0.05 levels as estimated by Duncan’s multiple range test (DMRT).
CC, chlorophyll content; FB, fresh biomass; DB, dry biomass; LB, Luria-Bertani; DW, distilled water.
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seeds have been treated with uniconazole for additional
suppression of this GA biosynthesis pathway (Ikeda
et al. 2001). The use of ‘Waito-C’ rice can detect very
small amounts of bioactive metabolites present in a
culture (Hamayun et al. 2010; Khan et al. 2011). Agar
and water were used as the growing media for the rice.
Therefore, the rice seeds received no nutrients during the
bioassay so that the sole effect of bacterial CF could be
accurately measured (Khan et al. 2011).

Seed germination and biomass augmentation

Photorhabdus bacteria produce a variety of secondary
metabolites during their life cycles that could be extre-
mely valuable in agriculture. We treated canola seeds
with a culture extract of M1021 to investigate its role in
the induction of germination. Treatment with the culture
extract significantly (P < 0.05) induced the germination
of canola seeds compared with controls. The results
indicated that culture extract stimulated seed germination
to 40% after 1 day of treatment, whereas no germination
was detected in the LB- or DW-treated control seeds
(Figure 3a). The germination rate accelerated to 70% on

the second day compared with a rate of 36.6% in the
controls. Furthermore, treatment on the third and fourth
days induced germination up to 76.6% and 83.3%,
respectively, whereas seed germination remained at
36.6% and increased to 43.3% in both controls on the
third and fourth days, respectively. The experiment was
concluded on fifth day, on which bacterial treatment
resulted in 93.3% seed germination compared with
43.3% and 50% germination in the LB and DW controls,
respectively. In addition, the results indicated that the
fresh biomass of the canola seedlings was significantly
(P < 0.05) increased by culture extract treatment com-
pared with that in the controls (LB and DW treatment;
Figure 3b).

The seed germination capacity of M1021 might be
attributed to its capacity to produce GAs (Glick 2012).
GAs are ubiquitous plant hormones that initiate various
metabolic functions during physiological activities such
as plant growth, cellular totipotency, and seed germina-
tion (Großelindemann et al. 1992; Hedden & Kamiya
1997). Early studies of seed germination support the
results of the present study and suggest that GAs
accumulation in the environment stimulates massive
cell proliferation, enhancing seed germination (Grosse-
lindemann et al. 1991). Furthermore, according to Groot
and Karssen (1987), various bioactive GAs are involved
in the mobilization of storage carbohydrates and hence
weaken the endosperm cells surrounding the radicle tip
in the seed, causing early germination and biomass
production in seedling. All of this evidence indicates
that the bioactive GAs produced by M1021 potentially
contribute to plant growth and seed germination.

Conclusion

Bacteria of the genus Photorhabdus are used as biocon-
trol agents against a wide range of insect pests, and their
antibacterial and antifungal characteristics have been
well documented. However, to the best of our know-
ledge, no study involved examination of the capability of
these bacteria to promote plant growth. To the best of
our knowledge this study is the first in which we have
analyzed the potential of P. temperata M1021 as a
polyvalent biocontrol agent, bio-stimulator, and bio-
fertilizer. The results suggest that M1021 produces
several physiologically active and inactive GAs and
has the capacity to produce siderophores that could
be growth-promoting factors in ‘Waito-C’ rice plants.
In short, we conclude that M1021 could be a factor for
plant health and growth and that broader field trails to
test its use as a bio-fertilizer for increased crop produc-
tion in eco-friendly farming systems are justified.
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Figure 3. Canola seed germination and biomass augmentation
influenced by M1021. Seeds treated with Luria-Bertani (LB)
medium and distilled water (DW) were used as controls. The
resultant values are averages of three replications; error bars
represent standard deviations. Different letters over the error
bars indicate significant differences at P < 0.05 levels as
estimated by Duncan’s multiple range test (DMRT). (a) Effects
of culture filtrate on the rate of seed germination. White bars
represent culture filtrate treatment, gray bars represent LB
treatment, and black bars represent DW treatment. (b) Effects
of culture filtrate on biomass (mg) of canola seedlings.
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Supplemental data for this article can be accessed at http://
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