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Abstract: This study was conducted with barley in greenhouse conditions in order to investigate seed inoculation with 5 different
N2-fixing (Bacillus licheniformis RC02, Rhodobacter capsulatus RC04, Paenibacillus polymyxa RC05, Pseudomonas putida RC06, and
Bacillus OSU-142) and 2 different phosphate-solubilising (Bacillus megaterium RC01 and Bacillus M-13) bacteria in comparison to
control and mineral fertiliser (N and P) application. Among the strains used in the present study, 6 plant growth promoting
rhizobacteria (PGPR) stimulated indole acetic acid (IAA) production and 3 of them stimulated phosphate solubilisation; all bacterial
strains fixed N2 and significantly increased the growth of barley. Available phosphate in soil was significantly increased by seed
inoculation with Bacillus M-13 and B. megaterium RC01. Maximum NO3-N was found in soil after inoculation with N2-fixing Bacillus
OSU-142, followed by P. polymyxa RC05 and R. capsulatus RC04. Total culturable bacteria count increased in all treatments with
time, whereas N2-fixing bacteria decreased with time, except with B. megaterium RC01 inoculation. The data suggest that seed
inoculation of barley with plant PGPR increased root weight by 17.9%-32.1% as compared to the control, and increased shoot
weight by 28.8%-54.2%, depending on the species. N2-fixing bacterial inoculation significantly increased uptake of N, Fe, Mn, and
Zn by barley. The production of hormones is suggested to be one of the mechanisms by which PGPR stimulate barley growth.
Effective Bacillus species, such as OSU-142, RC07, M-13, P. polymyxa RC05, P. putida RC06, and R. capsulatus RC04, may be used
in agriculture.
Key Words: Plant growth-promoting bacteria, IAA, nitrogen fixation, phosphate solubilisation, barley

Bitki Geliﬂmesini Teﬂvik Eden Bakterilerin Arpa geliﬂimi, Besin Al›m›, Baz› Toprak Özellikleri
ve Bakteri Say›s›na Etkisi
Özet: Bu araﬂt›rmada beﬂ azot fikseri (Bacillus licheniformis RC02, Rhodobacter capsulatus RC04, Paenibacillus polymyxa RC05,
Pseudomonas putida RC06 ve Bacillus OSU-142) ve iki fosfat çözücü (Bacillus megaterium RC01 ve Bacillus M-13) bakteri
aﬂ›lamas›n›n kontrol, N ve P gübresi ile karﬂ›laﬂt›rmal› olarak sera koﬂullar›nda arpa bitkisinin geliﬂimi üzerine etkisi test edilmiﬂtir.
Test edilen bitki geliﬂimini teﬂvik edici bakterilerin (PGPR) alt›s›n›n indol asetik asit üretti¤i, üçünün fosfat çözebildi¤i ve bütün
izolatlar›n azot fiksetti¤i ve arpa geliﬂimini teﬂvik etti¤i belirlenmiﬂtir. Bacillus M-13 ve B. megaterium RC01 aﬂ›lamas› toprakta
al›nabilir P miktar› önemli ölçüde art›rm›ﬂt›r. Toprakta en yüksek NO3-N miktar› Bacillus OSU-142 aﬂ›lamas›yla elde edilirken, bunu
P. polymyxa RC05 ve R. capsulatus RC04 takip etmiﬂtir. Bütün uygulamalar toprakta toplam bakteri say›s›n› art›rm›ﬂ, topraktaki
azot fikseri say›s› B. megaterium RC01 d›ﬂ›ndaki uygulamalarla zamanla azalm›ﬂt›r. Bitki geliﬂimini teﬂvik edici bakteri aﬂ›lamalar›,
bakteri suﬂlar›na ba¤l› olarak, arpa kök a¤›rl›¤›n› %17.9-32.1, gövde a¤›rl›¤›n› ise % 28.8- 54.2 oran›nda art›rm›ﬂt›r. Azot fikseri
bakteri aﬂ›lamalar› arpa N, Fe, Mn ve Zn al›m›n› önemli düzeyde art›rm›ﬂ ve bakterilerce hormon üretiminin bitkisel geliﬂimi teﬂvik
mekanizmalardan biri oldu¤u belirlenmiﬂtir. Bacillus OSU-142, RC07 ve M-13 gibi etkin Bacillus türlerinin ve P. polymyxa RC05, P.
putida RC06 ve R. capsulatus RC04 izolatlar›n›n tar›mda kullan›labilece¤i sonucuna var›lm›ﬂt›r.
Anahtar Sözcükler: Bitki geliﬂimini teﬂvik edici bakteri, ‹AA, azot fiksasyonu, fosfat çözücülü¤ü, arpa
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Introduction
Micro-organisms are important for agriculture in
order to promote the circulation of plant nutrients and
reduce the need for chemical fertilisers. Plant growth
promoting rhizobacteria (PGPR) are able to exert a
beneficial effect upon plant growth. Biological N fixation
(BNF) provides a major source of nitrogen for plants as a
part of environmentally friendly agricultural practices.
Apart from fixing N2, PGPR can affect plant growth
directly by the synthesis of phytohormones and vitamins,
inhibiting plant ethylene synthesis, enhancing stress
resistance, improving nutrient uptake, solubilising
inorganic phosphate, and mineralising organic phosphate
(Dobbelaere et al., 2003; Lucy et al., 2004). Plant
growth benefits due to the addition of PGPR include
increases in germination rate, root growth, yield, leaf
area, chlorophyll content, nitrogen content, protein
content, tolerance to drought, shoot and root weight, and
delayed leaf senescence (Dobbelaere et al., 2003;
Çakmakçı, 2005a, 2005b). Trials with rhizosphereassociated plant growth-promoting N2-fixing and Psolubilising Bacillus species indicated yield increases in rice
(Sudha et al., 1999), barley (Çakmakçı et al., 2001; ﬁahin
et al., 2004), wheat (de Freitas, 2000; Çakmakçı et al.,
2007), canola (de Freitas et al., 1997), maize (Pal,
1998), sugar beet (Çakmakçı et al., 1999), sugarcane
(Sundara et al., 2002), conifer species (Bent et al.,
2002), and apples (Aslantaﬂ et al., 2007). Bacillus strains
increased total bacteria and the PSB population, and/or
root and shoot dry weight, as well as total N and P uptake
by plants (Canbolat et al., 2006). Plant growth responses
were variable and dependent upon the inoculant strain,
soil organic matter content, growing stage, harvest date,
and growth parameters evaluated (Çakmakçı et al.,
2006). Some reports have shown the effect of plant
growth promoting substances, such as phytohormones,
produced by PGPR (Gutierrez Mañero et al., 2001;
Aslantaﬂ et al., 2007).
One of the most often reported PGPR is Bacillus
polymyxa, which is now called Paenibacillus polymyxa
(Timmusk et al., 1999; Bezzate et al., 2000). It has
range of reported properties, including nitrogen fixation
(Coelho et al., 2003; Çakmakçı et al., 2006), Psolubilisation (de Freitas et al., 1997), antibiotic
production (Rosado and Seldin, 1993), cytokinin
production (Timmusk et al., 1999), and increased root
and shoot growth (Sudha et al., 1999). Some strains of
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Rhodobacter are known to fix N2 (Drepper et al., 2002),
but they have not been extensively studied (Gallon,
2001). Pseudomonas inoculants significantly increased
root dry weight in spring wheat (Walley and Germida,
1997) and yield in sugar beet (Çakmakçı et al., 2001),
and promoted the growth of spinach (Urashima and Hori,
2003; Çakmakçı et al., 2007), while Bacillus megaterium
increased grain yield of rice and barley (Çakmakçı et al.,
1999; Khan et al., 2003), and reduced the required P
fertilisation of sugarcane by 25% (Sundara et al., 2002).
This study was undertaken in order to investigate the
effectiveness of novel bacterial strains isolated from
barley and wheat rhizosphere soils, as well as previously
identified strains. The objectives of this study were to
determine the effect of different harvest times on PGPR
strains with the potential for N2-fixing, phosphate
solubilisation, and phytohormones-production to be used
as bio-fertilisers, and to evaluate the effects on microbial
counts, some soil chemical properties, and plant growth
parameters.

Materials and Methods
Isolation and characterisation of bacterial strains
The bacterial strains Rhodobacter capsulatus RC04,
Paenibacillus polymyxa RC05, and Pseudomonas putida
RC06 were isolated from the rhizospheres of wheat and
barley (Çakmakçı et al., 2006). Bacillus OSU-142 were
originally isolated from tomato plants at Ohio State
University (USA) and Bacillus M-13 was isolated from
pepper plants at Atatürk University, Turkey (ﬁahin et al.,
2004). Paenibacillus polymyxa RC05, Pseudomonas
putida RC06 and Bacillus OSU-142 was the most effective
N2-fixing bacteria in previous field experiments with
sugar beet (Çakmakçı et al., 2006) and in greenhouse
experiments with wheat and spinach (Çakmakçı et al.,
2007). The bacterial strains were characterised by
morphological, biochemical, and physiological tests,
including pigment production on nutrient agar medium,
the Gram reaction, catalase and oxidase production,
starch hydrolysis, nitrate reduction activities, and growth
at 36 ºC on N-free basal medium (Forbes et al., 1998).
Two novel bacterial strains were isolated from the
rhizosphere of field-grown crops (wheat and barley) and
identified as Bacillus megaterium RC01 and Bacillus
licheniformis RC02, based on fatty acid methyl ester
analysis using the MIDI system (Sherlock Microbial
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Identification System v.4.5, MIS Operating manual, 145
pp, MIDI, Inc., Newark, DE, USA). Bacterial strains were
initially isolated from the rhizosphere of wheat and
barley. Plants were uprooted along with a good amount
of non-rhizosphere soil, brought immediately to the
laboratory in polythene bags, and air-dried. The nonrhizosphere soil was removed by gentle shaking, leaving
behind the rhizosphere soil. The soil adhering strongly to
the root was referred to as rhizosphere soil. The
rhizosphere soil was collected from roots by dipping and
gentle shaking in sterilised water under aseptic conditions
(Khalid et al., 2004).
From each sample 10 g of soil was aseptically weighed
and transferred to an Erlenmeyer flask containing 100 ml
of sterilised water, which was shaken for 30 min at 150
rpm. Immediately after shaking, a series of 10-fold
dilutions of the suspension were made for each sample by
pipetting 1-ml aliquots into 9 ml of sterilised water. The
final dilution was 105-fold; 0.1 ml of each dilution of the
series was placed on a petri dish with nutrient agar. For
each dilution 3 replicate dishes were made. Dishes were
placed in an incubator at 28 ± 1 ºC for 7 days.
Rhizobacteria isolates were selected to represent distinct
types based on differences in colony morphology,
including colony form, elevation, and pigment production.
Extraction and analysis of
identification of bacterial species

FAMEs,

and

Preparation and analysis of FAMEs from whole-cell
fatty acids of bacterial strains were performed according
to the method described by the MIDI system manual.
Approximately 40 mg of living cells grown on TSBA
medium was harvested, added to 1 ml of 1.2 M NaOH in
50% aqueous methanol with 5 glass beads (3 mm in
diameter) in a screw cap tube, and incubated at 100 °C
for 30 min in a water bath. Then, the saponified samples
were cooled at room temperature for 25 min, acidified
and methylated by adding 2 ml of 54% 6 N HCl in 46%
aqueous methanol, and incubated at 80 °C for 10 min in
a water bath. After rapid cooling, methylated fatty acids
were extracted with 1.25 ml of 50% methyl-tert butyl
ether (MTBE) in hexane. MIDI-FAME were extracted
from each isolate using the standard and recommended
procedure, consisting of saponification, derivatisation,
extraction, and final base washing. Cellular FAME was
separated with a Hewlett Packard 6890 CG on a fusedsilica capillary column (cross-linked 5% phenylmethyl

silicone; 25 m, 0.22 mm) with hydrogen as the carrier
gas and analysed with Sherlock v.4.5 MIDI software using
the aerobe TSBA 40 method and TSBA 40 library (MIDI
Network USA).
Quantification of IAA production and phosphatesolubilising capacity
These bacteria were also tested for auxin production
(IAA-like substances), as described by Bent et al. (2001),
and phosphate solubilisation capacity (Pal, 1998; Mehta
and Nautiyal, 2001). The flasks were incubated for 18 h
at 27 °C with 100 rpm rotary shaking. Following this,
125-ml flasks containing 40 ml of half-strength TSB
supplemented with 0.0, 0.1 and 25 mg of tryptophan ml1 were inoculated with 1 ml of each strain. After
incubation for 48, 72, and 168 h, the density of each
culture was measured spectrophotometrically at 600 nm
and then the bacterial cells were removed from the
culture medium by centrifugation. The level of indoles
present in the culture fluid was estimated
colorimetrically. The concentration of IAA in the bacterial
eluates was measured using Salkowski’s reagent (50 ml
35% HClO4 + 1 ml FeCl3) (Loper and Schroth, 1986).
Each reaction mixture was centrifuged. Absorbance at
530 nm was measured in a Shimadzu UV-1208
spectrophotometer. Bacterial cells were separated from
the supernatant by centrifugation at 10,000 rpm for 30
min. The concentration of IAA in each culture medium
was determined by comparison with a standard curve.
The IAA produced by each strain was measured in
triplicate. In addition, samples were taken after 48, 72,
and 168 h of growth for determination of indole acetic
acid for thin layer chromatography (TLC) and for high
performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis. Separation of indole in ethyl-acetate
fraction was carried out in chloroform-ethyl acetateformic acid.
All the pure isolates were tested in triplicate for their
phosphate solubilising capacity in sucrose-tricalcium
phosphate agar media (Pikovskaya, 1948) by inoculating
9
1 ml of 6-day-old culture (density 4 × 10 ) in 250-ml
–1
Erlenmeyer flasks containing 500 µg ml of P as rock
phosphate (RP) at 30 ± 1 °C. After incubation for 6 days,
water soluble P was determined colorimetrically by the
vanadomolybdophosphoric acid colorimetric method
(Jackson, 1958; Clesscerl et al., 1998).
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Microbial populations
The rhizosphere soil adhering to the root was
separated by gentle tapping and samples were prepared.
Soil samples were analysed to enumerate the colonyforming units (CFU) of (total) bacteria, and N2-fixing and
P-solubilising bacteria following serial dilution and the
pour plate method (Salle, 1973) in asparagine-mannitol
agar, N-free solid malate-sucrose medium (Döbereiner,
1989), and sucrose-tricalcium phosphate agar
(Pikovskaya, 1948) media, respectively. From each
sample 10 g of soil was aseptically weighed and
transferred to an Erlenmeyer flask containing 100 ml of
sterilised water, and shaken for 30 min at about
150 rpm. Immediately after shaking, each suspension
was diluted 10-fold by pipetting 1-ml aliquots into 9 ml
of sterilised water. A 108-fold final dilution was obtained
and 0.1 ml of each dilution of the series was placed on a
petri dish with nutrient broth (NB). For each dilution 3
replicate dishes were made. The agar plates were
incubated at 30 ºC for 7 days (aerobically). After the
incubation period, the CFU of the bacteria that developed
on the respective agar plates was counted with the
standard method. Data from each replicate were
averaged for a soil sample and expressed as CFU per
gram of oven-dried soil.
Seed inoculation
For this experiment, pure cultures were grown in NB
at 28 °C and diluted to a final concentration of 109 CFU
ml–1 in sterile distilled water containing 0.025% Tween
20. Barley seeds were surface-sterilised in 70% ethanol
for 2 min and in 1.2% sodium hypochlorite for 10 min,
and then rinsed 10 times in sterile tap water. Seeds were
then treated with the bacterial suspensions for 30 min
under sterilised conditions. Cell densities in the
suspension were adjusted to a final density of
8
–1
approximately 10 CFU seed .
Greenhouse experiment
Pots were sterilised with 20% sodium hypochlorite
solution, filled with non-sterile soil, and seeded. Soil
samples were analysed for pH (McLean, 1982), particle
size (Gee and Bauder, 1986), organic matter (Nelson and
+
–
Sommers, 1982), total mineral N, NH4 –N and NO3 – N
–
(Bremner 1982), 0.5 M NaHCO3 –P (Olsen and Sommers,
1982), cation exchange capacity (Rhoades, 1982), and
exchangeable cations (Ca+Mg, K, and Na) (Thomas,
1982). The loam soil had an organic matter content of
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1.8% and 0.4% free carbonate (pH 6.9). Available soil P
(P2O5) level was medium (13.9 mg kg–1). Mineral NH4+ -N
and NO3– -N content was 10.9 and 8.5 mg kg–1,
respectively. Exchangeable K and Ca+Mg content was 1.6
and 17.8 me/100 g–1, respectively; available Fe, Mn, Zn,
and Cu content was 4.7, 3.4, 2.6, and 1.8 ppm,
respectively. The following treatments with 3 replicates
were investigated: (1) control (without bacteria
inoculation or mineral fertilisers), (2) N fertiliser (40 mg
N kg–1 soil in the form of urea), (3) P fertiliser (20 mg P
kg–1 soil in the form triple super phosphate), (4) Bacillus
megaterium RC01, (5) Bacillus M-13, (6) Bacillus
licheniformis RC02, (7) Rhodobacter capsulatus RC04,
(8) Paenibacillus polymyxa RC05, (9) Pseudomonas
putida RC06, and (10) Bacillus OSU-142. There were 10
treatments, 3 harvest times, and 3 replicates, totalling 90
pots. The pots were arranged in a completely randomised
factorial design in the greenhouse. Barley seeds were
placed at the same depth (approx. 2.5 cm below the soil
surface) in all pots (5-l pot capacity). The seedlings were
grown in the greenhouse under natural light, which
provided a 15 h photoperiod, temperatures of 16-25 °C,
and relative humidity of 55%. Plants were thinned at the
earliest possible time to maintain the desired number of
uniform plants (5 seedlings per pot) in each pot. The pots
were watered to 60% water holding capacity and were
maintained at this moisture content by watering to
weight every 2-3 days.
The plants were harvested 15, 30, and 45 days after
sowing, with minimal damage to the root system, then
washed gently under running tap water to remove the
adhering soil particles, and analysed. At harvest the root
system was separated from the shoots, which were oven
dried for 3 days at 70 ºC. Total root length was measured
according to Farrell et al. (1993). Macronutrient (N, P, K,
Ca, and Mg) and micronutrient (Fe, Mn, Zn, and Cu)
contents of barley seedlings were determined according
to the Association of Official Analytical Chemists (Helrich,
1990). The data were subjected to analysis of variance
using STATISTICA v.5.1 and means were separated
according to Duncan’s multiple range test.

Results

Bacillus M-13, RC01, and RC02 isolates were capable
of dissolving insoluble P at the rate of 38.3, 42.3, and
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20.4 µg solubilised P per ml of culture per day,
respectively. All isolates were oxidase-, nitrate reduction-,
and catalase-positive, as well as able to grow in N-free
basal medium. Of the inoculated strains of PGPR, 6 were
able to produce plant growth promoting phytohormones
(Figure 1). The amount of IAA produced varied among
the species, ranging from 2.6 to 32.8 µg of IAA ml-1
culture. In the absence of tryptophan supplements, the 6
PGPR produced very low levels of IAA; however, when
these 6 strains were grown in the presence of 25 µg ml–1
tryptophan for approximately 48-168 h, the tested
strains responded by producing higher levels of IAA
(Figure 1). Measurement of IAA by HPLC confirmed that,
in the presence of a high concentration of tryptophan (25
µg m–1), P. polymyxa RC05 produced high levels of IAA
(32.8 ± 2.6 µg ml–1/OD600 unit), while less IAA was
detected in the medium from RC02 (13.6 ± 1.3 µg
ml–1/OD600 unit).
In comparison with other treatments, B. megaterium
RC01 and Bacillus M-13 inoculation produced the lowest
pH in soil, whereas no statistical difference was recorded
between the other treatments (Table 1). In general, soil
pH values decreased in all treatments with time. Of the
10 treatments, maximum available P content of the soil
was seen in soil treated with P fertiliser, followed by
Bacillus M-13 and B. megaterium RC01. Bacillus M-13
and B. megaterium RC01 inoculation increased available
P by 27.9% and 10.3%, respectively, compared to
control pots.

IAA production (µg/ml/OD600 unit)
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25 µg ml-1
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Figure 1. Production of IAA by PGPR in the presence of various
concentrations of tryptophan (µg ml–1). Data represent the
means of IAA production in triplicate 48-, 72-, and 168-h
pure cultures. Different lowercase letters indicate significant
differences (P < 0.01).

Bacterial inoculation significantly increased NO3-N and
total mineral N in soil. Of the bacterial inoculants,
maximum NO3-N in soil was measured in the N2-fixing
Bacillus OSU-142, followed by P. polymyxa RC05, and R.
capsulatus RC04. The results showed that all the
inoculated bacterium increased mineral N concentration in
soil. There was no significant difference in the
concentration of extractable NH4-N in the soil between
the different bacteria inoculants, except Bacillus OSU142, which resulted in a greater concentration of NO3-N
than NH4-N. Irrespective of the treatment, maximum
concentration of NO3-N and NH4-N were observed on
days 15 and 30, respectively, and, thereafter, a decline
was observed. Soil NO3-N and NH4-N decreased with time
(Table 1).
Bacterial inoculations and mineral fertiliser application
significantly affected the growth of barley (Table 2). Root
and shoot length and/or weight increased with all
treatments, with time. Three bacteria increased root
length of barley plants significantly compared to control
and P fertiliser, especially Bacillus M-13, followed by
Bacillus licheniformis RC02, and Bacillus OSU-142.
Maximum shoot length in barley was seen when N
fertilisers were added, followed by Bacillus OSU-142 and
P. polymyxa RC05. The root length and shoot weight
increased to a greater degree with P-solubilising Bacillus
M-13 than with P fertilisation.
All the treatments, except for P fertiliser, enhanced
root, shoot, and total weight as compared to the control.
Root weight enhancement was greatest in response to
Bacillus OSU-142, whereas maximal shoot weight
resulted from P. polymyxa RC05; however, the addition
of N fertiliser was as effective as P. polymyxa RC05
(Table 2). All treatments significantly increased root
weight of barley, particularly Bacillus OSU-142 (0.37 g
plant–1, 32.1% more than the control), followed by P.
polymyxa RC05 and N fertiliser (0.36 g plant–1, 28.6%
more than the control), and Bacillus licheniformis RC02
(0.35 g plant–1, 25.0% more than the control).
Statistically significant differences in shoot weight
were observed for P. polymyxa RC05 and Bacillus OSU142, as compared to other bacteria (Table 2). Of the
bacterial inoculations, N2-fixing P. polymyxa RC05 and
Bacillus OSU-142 inoculation produced the highest total
weight, while barley treated with P-solubilising Bacillus
M-13 had the lowest total weight. Plants treated with P.
polymyxa RC05 had the highest shoot and total weight,
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Table 1. The effect of PGPR and fertiliser application on available P, mineral nitrogen, and bacterial count in soil.
Treatments
(n = 9)

pHa

Available
P (ppm)

NO3-N
(ppm)

NH4-N
(ppm)

Total Bacteria
(× 106) b

Free-living N2-fixing
bacteria (× 106) b

P-solubilising
bacteriab

Control
N fertiliser
P fertiliser
RC01
M-13
RC02
RC04
RC05
RC06
OSU-142

6.80 a
6.80 a
6.87 a
6.69 b
6.72 b
6.87 a
6.86 a
6.82 a
6.88 a
6.83 a

13.6 cde
13.8 cde
24.9 a
15.0 c
17.4 b
14.1 cde
14.3 cde
14.6 cd
14.5 cde
14.4 cde

8.1 f
22.9 cb
7.1 f
20.3 d
13.5 e
21.6 cd
22.8 cb
23.4 b
22.1 cb
25.0 a

10.7 b
36.9 a
10.6 bc
9.9 bcd
9.3 bc
9.7 bcd
9.1 bcd
8.9 cd
9.3 bcd
8.7 d

3.9 g
8.3 f
9.0 e
10.7 c
11.8 a
10.8 c
10.1 d
10.5 c
10.6 c
11.3 b

0.19 f
0.18 f
0.18 f
2.36 bc
1.43 e
2.20 c
1.93 d
3.04 a
2.54 b
2.86 a

1.2 × 104
ND
ND
1.54 × 106
2.48 × 106
ND
ND
ND
ND
ND

15.7 a
15.8 a
15.4 a

19.5 a
18.7 a
17.8 b

12.4 a
13.1 a
11.4 b

7.7 c
9.2 b
12.2 a

2.07 a
1.83 a
1.18 b

-

Time (days) (n = 30)
15
30
45

6.90 a
6.80 b
6.74 c

RC01: Bacillus megaterium RC01; M-13: Bacillus M-13; RC02: Bacillus licheniformis RC02; RC04: Rhodobacter capsulatus RC04; RC05: Paenibacillus
polymyxa RC05; RC06: Pseudomonas putida RC06; OSU-142: Bacillus OSU-142.
a
Values followed by same letter did not differ significantly from Duncan's multiple range tests at 5% significance.
b
Total number of colony-forming units (cfu) g–1 dry soil.
ND: Not determined.

Table 2. The effect of mineral fertiliser and inoculation of barley with PGPR on the length and weight of shoots and roots in nonsterile soil.
Treatments
(n = 9)

Root length

Shoot length
(cm)

Root weight
(cm)

18.6 ± 0.7 c

36.6 ± 1.7 d

0.28 ± 0.02 d

0.59 ± 0.13 e

0.85 ± 0.15 e

19.5 ± 0.6 abc

39.6 ± 2.0 a

0.36 ± 0.03 a

0.86 ± 0.22 ab

1.23 ± 0.25 ab

Control
N fertiliser

Shoot weight
(g)

Total biomass
(g)

P fertiliser

18.6 ± 0.7 c

36.1 ± 1.5 d

0.30 ± 0.04 cd

0.69 ± 0.17 d

0.99 ± 0.21 d

RC01

19.2 ± 0.5 bc

37.4 ± 1.5 bcd

0.34 ± 0.05 ab

0.82 ± 0.22 bc

1.16 ± 0.26 bc

M-13

20.7 ± 0.7 a

35.6 ± 1.6 d

0.33 ± 0.04 bc

0.77 ± 0.20 c

1.10 ± 0.24 c

RC02

20.1 ± 0.7 ab

36.4 ± 1.5 d

0.35 ± 0.04 ab

0.78 ± 0.20 c

1.13 ± 0.24 c

RC04

19.3 ± 0.6 bc

36.3 ± 1.6 d

0.34 ± 0.04 ab

0.76 ± 0.21 c

1.10 ± 0.23 c

RC05

19.8 ± 0.8 abc

38.4 ± 2.1 abc

0.36 ± 0.05 a

0.91 ± 0.25 a

1.26 ± 0.30 a

RC06

18.7 ± 0.7 c

36.7 ± 1.6 cd

0.34 ± 0.04 ab

0.78 ± 0.19 c

1.12 ± 0.23 c

OSU-142

20.0 ± 0.8 ab

38.7 ± 1.9 ab

0.37 ± 0.04 a

0.87 ± 0.24 ab

1.24 ± 0.28 a

Time (days) (n = 30)
15

17.6 ± 0.3 c

31.2 ± 0.4 c

0.21 ± 0.01 c

0.26 ± 0.01 c

0.47 ± 0.01 c

30

19.2 ± 0.2 b

38.0 ± 0.3 b

0.34 ± 0.01 b

0.50 ± 0.01 b

0.84 ± 0.02 b

45

21.5 ± 0.3 a

42.3 ± 0.5 a

0.46 ± 0.01 a

1.58 ± 0.04 a

2.04 ± 0.05 a

a

Value are means ± SE.
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Different lowercase letters indicate significant differences (P < 0.05).
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Figure 2. The effects of PGPR and time on the proliferation of bacteria
in soil. Different lowercase letters indicate significant
differences (P < 0.01).
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Bacteria counts (x 106 cfu g-1 dry soil)

The results showed that the highest available P in soil
was obtained in pots treated with P fertiliser, followed by
inoculation with P-solubilising Bacillus M-13 and B.
megaterium RC01, while the lowest available P was
noted in control pots and those to which N was applied.

Bacillus OSU-142, Bacillus M-13, and Bacillus
licheniformis RC02 increased root length in comparison
to the control and P fertiliser. Of the bacterial
inoculations, Bacillus M-13 produced the highest root
length, while Ps. putida RC06 produced the lowest root
length. Statistically significant differences in NO3-N, root
and shoot weight, and bacterial count were observed

ro

Discussion

Seed inoculation and the use of N fertilisers resulted
in increased NO3-N soil content as compared to the
control and P fertilisers. This may have been due to the
fixation of nitrogen. Soil mineral NO3-N in the pots
treated with Bacillus OSU-142 was significantly greater
than in all the other treatments. This result showed that
all the inoculated bacteria contributed to the increase of
mineral nitrogen and significantly enhanced the growth of
barley, as compared to the control.

nt

P-solubilising bacteria and N2-fixing Bacillus OSU-142
enhanced P content in barley seedlings. All bacteria
significantly increased N content in barley seedlings
compared to the control. N2-fixing R. capsulatus RC04, P.
polymyxa RC05, Ps. putida RC06, and Bacillus OSU-142
inoculation significantly increased uptake of N, Fe, Mn,
and Zn by barley seedlings compared to the uninoculated
control (Table 3).

Co

Total bacteria density varied between 2.9 and 14.8 ×
6 –1
10 g soil, depending on the particular treatment. The
bacterial population density at 45 days was significantly
greater than at 15 or 30 days, in all treatments (Table 1,
Figure 2). The highest density was observed with Psolubilising Bacillus M-13. The density of N2-fixing
organisms ranged between 1.4 × 105 and 4.1 × 106 CFU
g–1 (Figure 3).

Apart from P fertiliser and Bacillus M-13, no significant
differences were found between the various treatments.
In comparison with other treatments, B. megaterium
RC01 and Bacillus M-13 inoculation gave the lowest pH
in soil. Available P in response to Bacillus M-13 and B.
megaterium RC01 was higher than in response to the
other strains tested. This may have been due to the
solubilisation of insoluble P with Bacillus M-13 and B.
megaterium RC01 treatment. Available P increased as pH
decreased. Some bacteria may solubilise inorganic P due
to excretion of organic acids (de Freitas et al., 1997; Pal,
1998; Vessey, 2003). Generally, the solubility of calcium
phosphates increases with decreasing pH (Gahoonia et al.,
1992).

N2-fixing bacteria count (x 106 cfu g-1 dry soil)

while control plants had the lowest weight. Barley treated
with P fertiliser had values lower than plants treated with
bacterial inoculation, but values higher than the control.
The greatest response was observed with P. polymyxa
RC05, followed by Bacillus OSU-142, N fertiliser, and B.
megaterium RC01.

Treatments

Figure 3. The effects of PGPR and time on the proliferation of N2fixing and P-solubilising bacteria in soil. Different lowercase
letters indicate significant differences (P < 0.01).
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Table 3. The effect of PGPR and fertiliser application on nutrient concentration.
Micro-nutrient (µg g–1 dry matter)

Macro-nutrient (% dry matter)
Treatments
(n = 9)

N

P

K

Ca

Mg

Fe

Mn

Control

2.93 d

0.24 e

3.46 a

0.66 ab

N fertiliser

3.48 a

0.24 e

3.45 a

0.67 a

P fertiliser

2.95 d

0.33 a

3.43 a

0.67 a

RC01

3.09 c

0.28 c

3.34 a

0.66 ab

M-13

3.05 c

0.31 b

3.44 a

0.65 a-c

RC02

3.09 c

0.28 c

3.52 a

0.64 a-c

RC04

3.39 b

0.25de

3.45 a

0.68 a

RC05

3.34 b

0.24 e

3.41 a

0.62 c

RC06

3.35 b

0.25 e

3.51 a

0.65 a-c

OSU-142

3.38 b

0.27cd

3.50 a

0.63 bc

0.27 a

3.50 a

Zn

Cu

0.28 a

88.3 c

72.1 d

63.1 d

13.1 b

0.28 a

93.4 a-c

73.9 d

64.6 cd

13.7 ab

0.28 a

88.3 c

87.6 a-c

68.7 a-c

14.0 ab

0.28 a

93.6 a-c

79.4 cd

65.8 b-d

15.0 ab

0.28 a

88.1 c

83.0 bc

68.4 a-c

15.8 a

0.28 a

92.0 bc

80.3 cd

71.1 a

15.9 a

0.28 a

98.9 a

87.6 a-c

68.7 a-c

14.4 ab

0.28 a

95.0 ab

92.1 a

68.1 a-c

15.0 ab

0.28 a

98.7 a

87.6 a-c

67.8 a-c

14.0 ab

0.28 a

97.1 ab

91.2 ab

69.9 ab

15.9 a

0.67 a

0.29 a

98.7 a

83.8 a

66.6 b

14.5 ab

Time (days) (n = 30)
15

3.27 a

30

3.20 b

0.27 a

3.47ab

0.66 a

0.28 b

91.7 b

82.7a

69.4 a

15.4 a

45

3.15 c

0.26 b

3.39 b

0.63 b

0.27 c

89.6 b

84.0 a

66.9 b

14.2 b

Values followed by same letter did not differ significantly from Duncan's multiple range test at 5% significance.

between all bacterial inoculates and the control.
Inoculation with N2-fixing and P-solubilising bacteria
increased barley root weight by 17.9%-32.1%,
depending on the species, while N fertiliser increased root
weight by 28.6% compared to the control. The plants
inoculated with P. polymyxa RC05, Bacillus OSU-142,
and B. megaterium RC01 had the greatest differences in
shoot and total weight as compared to control plants. The
greatest IAA-producing P. polymyxa RC05 produced the
greatest root and shoot weight, while no statistical
difference in root length was observed in the control. The
phytohormone-producing
bacteria
encouraged
adventitious root formation. Rapid establishment of
roots, whether by elongation of primary roots or by
proliferation of lateral and adventitious roots, is beneficial
to young barley seedlings. PGPR inoculation may
effectively increase the surface area of roots (Richardson,
2001) and root weight (Çakmakçı et al., 2007).
Inoculation with P. polymyxa increased the mass of rootadhering soil in wheat (Bezzate et al., 2000), and
increased shoot and root growth in rice (Sudha et al.,
1999). Likewise, B. polymyxa enhanced grain yield in
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wheat (de Freitas, 2000) and stimulated the growth of
conifer species (Bent et al., 2002).
The data summarised in Table 1 demonstrate that N2fixing and P-solubilising bacteria were present in the
natural soil (control), but that their populations were
quite low. Those bacteria probably originated from the
soil, water supply, or air. Seed inoculation and fertiliser
treatment significantly increased the bacteria count.
Microbial growth in the rhizosphere may be limited by
available N. Roots are very effective competitors with
micro-organisms for N (Hodge et al., 2000). If the
competition for N between roots and micro-organisms is
reduced, the growth conditions for micro-organisms
improve and the number of micro-organisms increases
(Marschner, 1995). Our experimental data indicated that
inoculation of the N2-fixing and P-solubilising bacteria
helped in maintaining a higher number of total bacteria
for up to 45 days. The soil microbial community appeared
to increase with both mineral fertilisation and bacterial
inoculation. The beneficial effect of inoculation on
microbial population may have been due to an increase in
the supply of available P and N, directly and indirectly
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through changing the growth rate and metabolic activities
of the crop, which resulted in more root exudates and
thereby created a favourable habitat for the growth and
development of micro-organisms. The results showed
that the population of total bacteria increased during the
course of the experiment. Furthermore, the density of N
fixers tested in the present study decreased over time
(Table 1). The PGPR used here did not survive well in
inoculated soil. The inoculated bacterial population,
except B. megaterium RC01, declined rapidly within the
first 4 weeks.
On average, seed inoculation with N2-fixing Bacillus
licheniformis RC02, R. capsulatus RC04, P. polymyxa
RC05, Ps. putida RC06, and Bacillus OSU-142, and N
fertilisers increased mineral N content by 66.5%, 69.7%,
71.8%, 67.0%, 79.3%, and 218.0%, respectively in
comparison to the control, and increased total biomass
weight by 32.9%, 29.4%, 48.2%, 31.8%, 45.9%, and
44.7%, respectively. The data indicated that the reason
for the stimulation of barley growth by N2-fixing bacteria
was not merely its nitrogen fixing ability. Likewise, root
length and shoot weight were increased to a greater
extent by P-solubilising Bacillus M-13 than by P
fertilisation. In contrast, soil available P was significantly
lower in response to inoculation with Bacillus M-13 than
to P fertiliser. The plants grown in the N fertiliser pots
had higher N content than those grown in bacterial
inoculated pots, and inoculated plants contained more N
than the control plants. Plant response to these bacteria
could be associated with other mechanisms, rather than
by direct N fixation and P solubilisation. The production
of hormones has been suggested as one of the
mechanisms by which PGPR stimulate plant growth. N2fixing bacteria inoculation significantly increased uptake
of N, Fe, Mn, and Zn by barley seedlings as compared to
the uninoculated control. The concentration of P in barley
seedlings increased with P-solubilising bacteria.

The data of the present study showed that the
bacteria strains tested were able to produce and
extracellularly secrete auxin indole-3-acetic acid. It is
possible that the tested PGPR strains affected root
hormone levels by producing IAA and/or other plant
hormones in the rhizosphere, which were then absorbed
by the root. The positive relationship between barley
growth and the level of bacterial hormones is well
supported by the present study, which indicated that root
and shoot weight were enhanced by phytohormoneproducing strains. Researchers have recently identified
cytokinin, gibberellin, auxin, and ACC deaminase
production by PGPR (Timmusk et al., 1999; Gutierrez
Mañero et al., 2001; Vessey, 2003). Many plantassociated bacteria have the ability to produce the plant
growth regulator indole-3-acetic acid, and IAA may play
the most important role in plant growth promotion (Bent
et al., 2001; Patten and Glick, 2002; Aslantaﬂ et al.,
2007). Application of IAA to P-deficient plants increased
root surface area, carbohydrate release, and acidphosphatase activity (Wittenmayer and Merbach, 2005).
The present experiment revealed that inoculation was
an effective treatment for improving the parameters
measured, especially with reference to the increase in
shoot and root biomass, soil NO3-N content, and bacterial
count. The favourable effect of inoculation on plant
growth, and improved N and P nutrition may have been
due to the production of growth promoting substances by
PGPR. PGPR change root growth and morphology,
increase plant growth, and can influence the density of
micro-organisms. Nitrogen fixing ability did not directly
correlate with the growth promoting effect in the present
study. Thus, the plant growth stimulation effect of the
PGPR tested can be explained not only by their N2-fixation
and/or P-solubilisation ability but also by their production
of hormone-like secondary metabolites.
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