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ABSTRACT
Application of plant growth-promoting rhizobacteria (PGPR) has been shown to increase legume growth and development under

field and controlled environmental conditions. The present study was conducted to isolate plant growth-promoting rhizobacteria

(PGPR) from the root nodules of lentil (Lens culinaris Medik.) grown in arid/semi-arid region of Punjab, Pakistan and examined

their plant growth-promoting abilities. Five bacterial isolates were isolated, screened in vitro for plant growth-promoting (PGP)

characteristics and their effects on the growth of lentil were assessed under in vitro, hydroponic and greenhouse (pot experiment)

conditions. All the isolates were Gram negative, rod-shaped and circular in form and exhibited the plant growth-promoting attributes

of phosphate solubilization and auxin (indole acetic acid, IAA) production. The IAA production capacity ranged in 0.5–11.0 µg mL−1

and P solubilization ranged in 3–16 mg L−1. When tested for their effects on plant growth, the isolated strains had a stimulatory

effect on growth, nodulation and nitrogen (N) and phosphorus (P) uptake in plants on nutrient-deficient soil. In the greenhouse pot

experiment, application of PGPR significantly increased shoot length, fresh weight and dry weight by 65%, 43% and 63% and the

increases in root length, fresh weight and dry weight were 74%, 54% and 92%, respectively, as compared with the uninoculated control.

The relative increases in growth characteristics under in vitro and hydroponic conditions were even higher. PGPR also increased the

number of pods per plant, 1 000-grain weight, dry matter yield and grain yield by 50%, 13%, 28% and 29%, respectively, over the

control. The number of nodules and nodule dry mass increased by 170% and 136%, respectively. After inoculation with effective

bacterial strains, the shoot, root and seed N and P contents increased, thereby increasing both N and P uptake in plants. The

root elongation showed a positive correlation (R2 = 0.67) with the IAA production and seed yield exhibited a positive correlation

(R2 = 0.82) with root nodulation. These indicated that the isolated PGPR rhizobial strains can be best utilized as potential agents

or biofertilizers for stimulating the growth and nutrient accumulation of lentil.
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The natural agricultural ecosystems depend largely
on the beneficial microorganisms that are present in
the soil rhizosphere and help crops to maintain growth
and sustain productivity (Rosas et al., 2009). These
beneficial microorganisms are important components
of plant productivity and soil fertility because of their
participation in several key processes such as those
involved in biological control of plant pathogens, nu-
trient cycling and seedling establishment (Jeffries et
al., 2003; Rosas et al., 2009). Recent studies have co-
nfirmed that a number of bacterial species, mostly
associated with the plant rhizosphere, are beneficial
for plant growth, yield and crop quality. They have

been called plant growth-promoting bacteria (PGPB)
and include strains in the genera Acinetobacter, Alcali-
genes, Arthrobacter, Azospirillium, Azotobacter, Baci-
llus, Beijerinckia, Burkholderia, Enterobacter, Erwi-
nia, Flavobacterium, Rhizobium and Serratia (Bashan
and de-Bashan, 2005; Esitken et al., 2010).

The plant-promoting effect of PGPR has been at-
tributed to the release of metabolites that directly
stimulate growth. Several mechanisms have been pos-
tulated to explain how PGPR benefit the host plant,
including 1) producing plant growth regulators or
phytohormones such as indole acetic acid (IAA), cy-
tokinins and gibberellins (Glick, 1995; Marques et al.,
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2010); 2) enhancing asymbiotic N2 fixation (Şhin et
al., 2004; Khan, 2005); 3) solubilizing inorganic phos-
phate and mineralization of organic phosphate and/or
other nutrients (Glick, 1995); and 4) antagonistic ef-
fects against phytopathogenic microorganisms by the
production of siderophores, the synthesis of antibiotics,
enzymes and/or fungidical compounds and/or compe-
tition with detrimental microorganisms (Dey et al.,
2004; Lucy et al., 2004).

Generally, plant growth-promoting bacteria occur
in soil, but their population numbers are not sufficient
to compete with other bacterial strains that are com-
monly present and well established in the rhizosphere.
Therefore, inoculation of plants with target microor-
ganisms is necessary to take advantage of their bene-
ficial properties for plant yield enhancement (Igual et
al., 2001). Consequently, it is important to isolate and
characterize bacteria from local conditions that can be
used as potential inoculant in the same area where they
are obtained. The advantage of using natural soil iso-
lates over the genetically manipulated or those isolated
from a different environment is their better adaptation
and success rate when inoculated into the plant rhizo-
sphere (Chen et al., 2006).

Lentil (Lens culinaris Medik.) is a widespread legu-
minous plant of great agricultural and economic im-
portance. It is a protein-rich pulse, grown mainly in
developing countries as a rain-fed crop in nutrient-poor
soils and often subjected to intermittent drought du-
ring the growth period and/or terminal drought during
the reproductive phase (Gahoonia et al., 2005). Lentil
is the second most important grain legume crop in Pa-
kistan and is cultivated on an area of 82 000 hectares
(26% of the entire pulse area) with an annual grain
production of 30 000 t (Malik et al., 1988; Hafeez
et al., 2000). Most of the cultivation of lentil occurs
on marginal and unfertile lands with very small in-
digenous rhizobial populations. Inoculation with active
Rhizobium strains is required to increase yields through
N2 fixation (Athar, 1998; Hafeez et al., 2000).

The aims of the present study were to isolate Rhi-
zobium strains from lentil grown on soils in the arid re-
gion of Pakistan, to screen them for their plant growth-
promoting properties, and to test selected species on
lentil in order to evaluate their effects on growth, root
nodulation and N and P assimilation in the roots,
shoots and grains of lentil.

MATERIALS AND METHODS

Sampling

Root samples with the adjacent soil cores were col-

lected from twenty fields of the Narrowal District, Pun-
jab, Pakistan at the flowering stage during 2008. This
area has not been explored before and the isolation was
studied first time. The samples were collected approxi-
mately 15 cm on either side of a plant to a 30 cm depth.
The physical and chemical characteristics of the soil
samples are presented in Table I. The rhizosphere soil
and roots were slowly lifted before carefully removing
the soil from the roots to avoid damage to the roots.
Thereafter, the twenty samples were placed in plas-
tic bags with proper tagging and brought to the Soil
Biology Laboratory, Land Resources Research Pro-
gram (LRRP), National Agriculture Research Council
(NARC), Islamabad, for further studies.

TABLE I

Physical and chemical properties of the soil before and after cul-

tivation of lentil

Soil parameter Before sowing After harvest

Electrical conductivity (dS m−1) 0.60 0.64

pH (H2O, 1:2.5) 7.70 7.16

Organic matter (g kg−1) 8.3 8.8

Total N (g kg−1) 0.4 0.5

Available P (mg kg−1) 10.67 11.77

Available K (mg kg−1) 277 285

NO−3 -N (mg kg−1) 2.42 2.54

Nodule collection

In the laboratory, plant shoots were removed with
a surgical blade and then the roots were washed un-
der running water with a screen underneath to catch
the detached nodules. The healthy, pink and undama-
ged nodules were detached from the roots by cutting
the roots 0.5 cm on either side of the nodule. Before
isolation, nodules were surface sterilized by immersing
them in 95% ethanol for 5–10 s and then were washed
for 3–4 times in sterilized distilled water. After was-
hing, the nodules were dipped in 3% hydrogen peroxide
(H2O2) for 3–4 min and washed for 5–7 times in dis-
tilled sterilized water (Somasegaran et al., 1982).

Isolation and purification of Rhizobium strains

The nodules were aseptically crushed in a drop
of autoclaved, distilled water on a sterile, glass slide.
The nodule extract was streaked onto yeast mannitol
(YMA) agar plates supplemented with Congo red as
a dye (Nelson and Child, 1981) in such a way that
the nodule material was serially diluted. Then, the
plates were incubated at 28±2 ◦C for 2–3 d under flu-
orescent light. The off-white gummy colonies appeared
on the third day and showed sufficient growth after
5–7 d. Single colonies from each isolate was selected
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and re-streaked on fresh YMA agar plates (Vincent,
1970). Subculturing was carried out 4–5 times until
the culture became pure. The pure culture was con-
sidered as presumptive Rhizobium ssp. at this stage on
the basis of not picking up the red color of Congo red
dye.

Phenotypic characterization of bacterial isolates

A total of 23 bacterial isolates were characterized
for different morphological and biochemical charac-
teristics. For morphological characterization, purified
bacterial isolates were initially characterized on the ba-
sis of their colony color, shape, size, elevation, form,
and surface texture. Investigations on the morphology
and structure of the isolates were conducted under a
phase contrast light microscope and the Gram stain
reaction was also observed under a light microscope
(Vincent, 1970).

For biochemical characterization, five bacterial iso-
lates of the 23 strains characterized, namely Lens culi-
naris LCA-1, LCA-2, LCA-3, LCA-4 and LCA-5, were
screened for triple sugar iron and sugar fermentation
(Bisen and Verma, 1994). The ability of each isolate
to solubilize phosphate was examined based on the ap-
pearance of clear zones (halos) surrounding the bacte-
rial colonies, on Pikovskaya’s medium containing tri-
calcium phosphate (Ca3(PO4)2) as the inorganic P
source (Pikovskaya, 1948). Soluble phosphorus was
quantified using the phosphomolybdate blue method
(Murphy and Riley, 1962). The available phosphorus
was quantified by using a Spectronic-20 spectropho-
tometer set at a 880 nm wavelength. Extracellular pro-
duction of IAA was carried out by growing cultures
as described by Okon et al. (1977). After one week of
growth, qualitative estimation of IAA was performed
with Fe-HClO4 and Fe-H2SO4 reagents. The ethyl ace-
tate oxidation method (Tien et al., 1979) was used for
the quantitative estimation of IAA.

In vitro experiment

The effect of the isolated Rhizobium spp. strains
that were considered potential PGPR on seed germi-
nation and plant growth of lentil was tested in a growth
chamber (in vitro). Six treatments, namely, 1) uninoc-
ulated (control), 2) LCA-1, 3) LCA-2, 4) LCA-3, 5)
LCA-4 and 6) LCA-5, were organized in a completely
randomized design (CRD) with three replication. Five
surface sterilized seeds of lentil cultivar Masoor-2002
were grown in sterilized Petri plates with filter paper
in the lower lid. The seed in each treatment, except
the control, was inoculated with 1 mL of inoculum and

wetted with 2–3 mL sterilized water. The Petri plates
were incubated at 29 ◦C. Fifteen days after sowing
(DAS), the shoot and root lengths of the plants were
recorded.

Hydroponic experiment

The hydroponic experiment was conducted in the
Hoagland solution (Winaro and Lie, 1979) to investi-
gate the effect of five newly isolated strains and one
previously tested positive NARC strain on the shoot
and root lengths of lentil. NARC strain was previously
used in many studies and therefore was used here for
comparison with the newly isolated strains. The experi-
ment was laid out in a completely randomized design
(CRD) with three replications and seven treatments.
The treatments were: 1) uninoculated (control), 2)
LCA-1, 3) LCA-2, 4) LCA-3, 5) LCA-4, 6) LCA-5 and
7) NARC strain. One liter of nutrient solution in the
pots was used for this experiment. Oxygen was pro-
vided to the roots through a needle syringe. Seedlings
were grown in a sterilized sand tray and were inocu-
lated before being transferred to the nutrient solution
by dipping their roots to respective suspension cul-
tures. Then, 1 mL suspension culture of each strain
was added to the nutrient solution except the control
(inoculum free). Four plants were grown in each pot
for three weeks. The pH was checked daily and main-
tained at 6.8 with HCl or NaOH.

Greenhouse pot experiment

A pot experiment was conducted in 2008 to exam-
ine the effect of the isolated Rhizobium strains (PGPR)
on the growth, nodulation, nutrient concentration and
nutrient uptake of lentil. Lentil cultivar Masoor-2002
was used as the host plant to evaluate the effect of se-
lected PGPR. The experiment was carried out using
sterilized soil collected from an experimental area of
the NARC with the characteristics presented in Ta-
ble I. The six isolated strains from the hydroponic
experiment and one mixture of two most promising
strains were tested. Nitrogen was applied in the form
of urea at 20 kg N ha−1 in two-split doses (initially
during sowing and during flowering stage). Phospho-
rus was applied as 40 kg P ha−1 as single superphos-
phate (SSP). Large sized pots (21 cm diameter) that
could hold 8 kg of soil were used in this experiment.
The experiment included 8 treatments: 1) uninocu-
lated (control), 2) LCA-1, 3) LCA-2, 4) LCA-3, 5)
LCA-4, 6) LCA-5, 7) NARC strain and 8) a mixture of
LCA-1 and LCA-5 (50:50, w/w) as these two strains
showed maximum IAA production, increased P solu-
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bility and increased growth under in vitro as well as
hydroponic conditions. The treatments were arranged
in a completely randomized design (CRD) and were
replicated three times. Seedlings were grown in sterili-
zed sand trays. One week-old four seedlings were inocu-
lated with the respective strains by dipping the roots
into the suspension cultures (106 cells mL−1) for 30
min and then were transferred to the pots. In addition,
one mL of suspension culture of strains was added to
the respective pots except the control. The number of
nodules per plant was recorded at the flowering stage.
Plants were harvested at maturity (108 d) and plant
growth characteristics, i.e., shoot length, root length,
shoot fresh weight, root fresh weight, shoot dry weight,
root dry weight and nutrient uptake of the crop, were
recorded.

Soil and plant analyses

Total nitrogen in plant shoot, root and seed was de-
termined by Kjeldhal digestion, distillation and titra-
tion method (Bremner and Mulvaney, 1982). Phospho-
rus content was determined with the vanadomolybdate
yellow color method using a spectrophotometer set at
440 nm (Jackson, 1967) following wet digestion with a
4:1 mixture of nitric acid (HNO3) and perchloric acid
(HClO4). Soil electrical conductivity (EC) was deter-
mined from the saturation extract collected from the
saturated paste (Rhoades, 1982). Soil pH was mea-
sured with a glass electrode at a soil to water ratio of
1:2.5. Soil organic carbon (SOC) was measured using
the modified Mebius method (Nelson and Sommers,
1982). Total N was determined by the Kjeldahl diges-
tion, distillation and titration method (Bremmer and
Mulvaney, 1982). After extraction of the soil samples
with 200 mL of 1 mol L−1 KCl, followed by filtra-

tion through Whatman No. 40 filter paper, NH+
4 -N of

the extract was determined by using the steam dis-
tillation and titration method of Keeney and Nelson
(1982). NO−3 -N was calculated by subtracting NH+

4 -N
from the total mineral N. Available P was determined
by the Olsen extraction method (Olsen and Sommers,
1982) and available K was extracted with 1 mol L−1

ammonium acetate, adjusted to pH 7, and was deter-
mined flamephotometrically (Simard, 1993).

Statistical analysis

An analysis of variance was carried out using the
M-STAT C software. If the analysis of variance showed
significant strain effects, the least significant difference
(LSD) test was applied to compare the means at the
0.05 level of significance (Steel and Torrie, 1980).

RESULTS

Characteristics of isolated plant growth-promoting rhi-
zobacteria

All strains were Gram-negative and fast-growing
motile rods, curved rods or straight rods of different
sizes. All the colonies had a circular surface except
LCA-4, which was irregular, and were either creamy,
glossy white, slimy white, white or shiny white in
appearance (Table II). The colonies appeared on the
YMA agar plates were characteristically indicative of
PGPR, which is a desired feature for promotion of
plant growth. All isolates were able to produce indole
acetic acid (IAA) (Table II). The amount of IAA pro-
duced varied with the type of strains and ranged in
0.5–11 µg mL−1. Isolate LCA-1 produced the IAA
(11.0 µg mL−1), followed by LCA-5 (8 µg mL−1) and
LCA-4 (4 µg mL−1). Similarly, all isolates were able to

TABLE II

Morphological and biochemical characteristics of the strains (plant growth-promoting rhizobacteria) isolated

Characteristic Strain isolated

LCA-1 LCA-2 LCA-3 LCA-4 LCA-5

Color Creamy Glossy white Slimy white white Shiny white

Surface form Circular Circular Circular Irregular Circular

Elevation Lowly convex Raised Lowly raised Highly raised Raised

Surface margin Entire Entire Entire Entire Entire

Surface texture Dry Dry Dry Smooth Dry

Gram staining Negative Negative Negative Negative Negative

Shape Rod Curved rod Straight rod Rod Rod

Triple sugar iron K/Aa) K/A K/A K/A K/A

Sugar fermentation Brown Brown Brown Brown Brown

P solubilized (mg L−1) 16 4 3 9 13

Indole acetic acid production (µg mL−1) 11 3 0.5 4 8

a)Glucose fermentation only.
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form a clear zone on Pikovskaya’s agar by mobilizing
tricalcium phosphate and were thereby considered as P
solubilizers (Table II), but differences in P-solubilizing
capacity among the strains were substantial, ranging in
3–16 mg L−1. Isolate LCA-1 had the highest P solubi-
lization capacity (16 mg L−1), followed by LCA-5 (13
mg L−1) and LCA-4 (9 mg L−1). On the basis of these
morphological and biochemical characteristics, the iso-
lates under investigation were identified as PGPR as
described in many other studies.

Plant growth-promoting properties under in vitro and
hydroponic conditions

The in vitro tests showed that the isolated PGPR
strains stimulated plant growth. Relative increases in
shoot and root lengths over the control (due to PGPR
application) were 54%–133% and 52%–172%, respec-
tively. However, there were differences among the bac-
terial strains in their responses to these tests. For
example, shoot length ranged in 3.68–5.58 cm and
root length in 2.93–5.26 cm. Strain LCA-5 produced
the highest shoot length (5.58 cm) while the high-
est root length (5.26 cm) was recorded for LCA-1
(Table III). Similarly, the PGPR strains enhanced
plant growth when tested under hydroponic condi-
tions. Shoot and root lengths in the PGPR treatments
ranged in 13.6–16.4 and 3.67–5.96 cm, compared with
11.76 and 2.61 cm, respectively, in the control (Table
III). The relative increases in shoot and root lengths
were 15%–39% and 41%–128%, respectively, over the
uninoculated control. The highest value of shoot length
was recorded for LCA-5 and that of root length for
LCA-1.

TABLE III

Effect of isolated plant growth-promoting rhizobacteria (LCA-

1–LCA-5) on shoot and root lengths of lentil under in vitro and

hydroponic conditions

Treatment In vitro conditions Hydroponic conditions

Shoot Root Shoot Root

length length length length

cm

Control 2.4 ca) 1.9 c 11.8 c 2.6 d

LCA-1 5.6 a 5.3 a 15.2 ab 6.0 a

LCA-2 4.3 ab 3.3 b 14.8 ab 3.7 cd

LCA-3 4.9 ab 3.1 b 14.5 b 4.9 ab

LCA-4 3.7 bc 2.9 b 15.2 ab 4.0 bc

LCA-5 5.6 a 3.1 b 16.4 a 5.6 a

NARC strain 13.6 b 4.2 bc

LSDb) (P ≤ 0.05) 1.602 0.394 1.678 1.112

a)Values followed by the same letter(s) in a column are not si-

gnificantly different at P ≤ 0.05.
b)Least significant difference.

Plant growth-promoting properties under greenhouse
conditions

Plant morphological characteristics. Based on
the results of the in vitro and hydroponic tests, in
addition to 5 isolated strains including an uninocu-
lated control, a mixture of two promising strains, LCA-
1 and LCA-5, and a positive tested NARC strain
were included in the pot experiment to evaluate their
plant growth-promoting abilities. Plant morphological
characteristics (i.e., shoot length, shoot fresh weight,
shoot dry weight, root length, root fresh weight and
root dry weight) were tested in this experiment (Table
IV). Application of PGPR significantly (P ≤ 0.05) in-
creased lentil growth compared with the control. The
relative increase ranged between 38% and 65% in shoot
length, 3% and 43% in shoot fresh weight and 11%
and 63% in shoot dry weight over the uninoculated
control. Shoot length and weight increments differed
considerably among the PGPR strains and were ex-
tremely high either with LCA-5 or LCA-1 or with the
mixture of both. The tallest shoot was recorded for
LCA-5, followed by the mixture LCA-1+LCA-5, grea-
test shoot fresh weight for the mixture LCA-1+LCA-5
and greatest shoot dry weight for LCA-1 and LCA-
1+LCA-5. The mixture did not enhance the growth
over the best strain. The inoculated plants developed
significantly (P ≤ 0.05) greater root length and root
mass than the uninoculated plants (Table IV). All
the seven tested bacterial strains induced greater root
length than the uninoculated control. Increases ranged
from 26% to 74% for root length, from 22% to 54% for
root fresh weight and from 43% to 92% for root dry
weight. Similar to shoots, length and weight increases
in root growth differed considerably among the PGPR
strains and were extremely high for either LCA-1 or the
mixture LCA-1+LCA-5. The highest root length was
recorded for LCA-1 and the highest root fresh and dry
weights for the mixture of strains LCA-1 and LCA-5.
The previously tested NARC strain did not produced
an increase in any of the morphological characteristics
when compared to the newly isolated strains and had
either equal or lower values than the uninoculated con-
trol for most of the parameters studied. These results
indicated that inoculation with each of the bacterial
strains responded positively to all the tests, indicating
a high potential of growth-promoting capacities.

Yield and yield attributes. Yield and yield com-
ponents of lentil showed a similar trend to that
recorded for the growth parameters (Table V). Appli-
cation of the PGPR strains significantly (P ≤ 0.05)
increased the number of pods per plant, 1 000-grain
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TABLE IV

Effect of isolated plant growth-promoting rhizobacteria (LCA-1–LCA-5) on growth characteristics of lentil grown in pots under green-

house conditions

Treatment Shoot Root

Length Fresh weight Dry weight Length Fresh weight Dry weight

cm g cm g

Control 25.0 da) 2.6 d 1.1 d 11.7 f 1.9 d 0.8 e

LCA-1 38.2 b 3.3 b 1.7 a 20.3 a 2.7 b 1.3 b

LCA-2 34.6 c 2.7 c 1.4 b 15.9 cd 2.3 c 1.1 d

LCA-3 35.2 c 2.7 cd 1.3 c 15.1 de 2.3 c 1.1 d

LCA-4 35.7 c 2.6 cd 1.2 cd 16.4 c 2.3 c 1.2 c

LCA-5 41.3 a 3.3 b 1.5 b 19.1 b 2.6 b 1.3 b

NARC strain 35.8 c 2.6 cd 1.3 c 14.7 e 2.3 c 1.1 d

LCA-1+LCA-5 39.4 ab 3.6 a 1.7 a 18.8 b 2.8 a 1.4 a

LSDb) (P ≤ 0.05) 1.980 0.182 0.122 1.097 0.077 0.055

a)Values followed by the same letter(s) in a column are not significantly different at P ≤ 0.05.
b)Least significant difference.

weight, total biomass yield, dry matter yield and grain
yield as compared with the uninoculated control. The
increases in yield characteristics relative to uninocu-
lated control ranged from 31% to 87% for number of
pods, from 4% to 22% for 1 000-grain weight, 14% to
50% for total biomass yield, 12% to 51% for dry matter
yield and 21% to 39% for grain yield. Increases in yield
components and biomass varied considerably among
the isolated strains and were extremely high for LCA-
1 or the mixture LCA-1+LCA-5. The highest number
of pods and 1 000-grain weight were recorded for the
mixture of strains LCA-1 and LCA-5 while biomass,
dry matter and grain yield were highest for LCA-1.
The variation among different treatments with regard
to 1 000-grain weight and grain yield was attributed to
selection of grains on the basis of their size.

Nodulation. The lentil plants developed signifi-
cantly (P ≤ 0.05) more root nodules when inoculated
with PGPR (Table VI). In the uninoculated control,

only an average of 12 nodules per plant were recorded,
but increased significantly to 28–32 nodules per plant
following the application of PGPR. The relative in-
crease in nodule number ranged from 137% to 170%.
LCA-1 induced the highest nodule number per plant
(32), followed by LCA-5 (31), and the difference be-
tween the two strains was non-significant. Nodule fresh
and dry weights showed a similar increasing trend.
Increases relative to the uninoculated control ranged
from 193% to 254% for nodule fresh weight and 82%
to 136% for nodule dry weight. Similar to nodule num-
bers, fresh and dry weights of nodules differed consid-
erably among PGPR strains and were extremely high
either with LCA-1 or with the mixture LCA-1+LCA-
5. A significant correlation (r = 0.54) was found be-
tween IAA production and nodule number.

Nutrient accumulation. Plants from all treat-
ments were chosen for analysis of nutrients (N and P)
in shoots, roots and grains. Lentil grains had the hig-

TABLE V

Effect of isolated plant growth-promoting rhizobacteria (LCA-1–LCA-5) on yield and yield attributes of lentil grown in pots under

greenhouse conditions

Treatment Number of pods per plant 1000-grain weight Total biomass yield Dry matter yield Grain yield

g g plant−1

Control 10.80 da) 34.0 f 3.19 e 2.14 f 1.05 e

LCA-1 18.00 b 39.5 b 4.79 a 3.24 a 1.46 a

LCA-2 15.00 c 37.8 d 3.95 c 2.64 d 1.32 cd

LCA-3 14.33 c 38.1 cd 3.77 d 2.50 e 1.27 d

LCA-4 14.50 c 37.7 d 3.79 d 2.49 e 1.30 cd

LCA-5 17.17 b 39.2 c 4.75 a 3.00 b 1.46 a

NARC strain 14.17 c 35.4 e 3.65 d 2.40 e 1.26 d

LCA-1+LCA-5 20.33 a 41.4 a 4.24 b 2.85 c 1.38 bc

LSDb) (P ≤ 0.05) 1.111 0.743 0.464 0.109 0.109

a)Values followed by the same letter(s) in a column are not significantly different at P ≤ 0.05.
b)Least significant difference.
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TABLE VI

Effect of isolated plant growth-promoting rhizobacteria (LCA-

1–LCA-5) on number and mass of root nodules of lentil grown

in pots under greenhouse conditions

Treatment Number of Fresh Dry

nodules weight of weight of

per plant nodules nodules

mg plant−1

Control 11.8 da) 13.1 e 11.2 f

LCA-1 32.0 a 45.5 b 25.4 ab

LCA-2 29.0 bc 38.8 d 21.8 d

LCA-3 28.0 c 38.3 d 21.8 c

LCA-4 28.8 c 38.7 d 22.4 cd

LCA-5 31.2 a 44.5 c 25.3 b

NARC strain 28.8 c 38.5 d 20.3 e

LCA-1+LCA-5 30.0 b 46.3 a 26.4 a

LSDb) (P ≤ 0.05) 1.111 0.795 1.000

a)Values followed by the same letter(s) in a column are not si-

gnificantly different at P ≤ 0.05.
b)Least significant difference.

hest nutrient contents among all plant organs, with
N content of 2.26%–2.95% and P content ranging be-
tween 0.52% and 0.83% (Table VII). In the shoots,
the N content was 1.30%–1.92% and P content 0.42%–
0.71% while the roots exhibited lower N and P con-
tents that ranged in 1.19%–1.46% and 0.32%–0.44%,
respectively. Compared to the uninoculated control,
application of PGPR strain significantly (P ≤ 0.05)
increased plant N content and the relative increase
ranged in 12%–66% for shoot N, 13%–44% for root
N and 6%–38% for grain N. Similarly, P content in-
creased by 11%–81% for the shoots, 14%–57% for the
roots and 18%–89% for the grains. Plant N and P in-
creases differed considerably among the PGPR strains
and were extremely high either for LCA-1 or LCA-5.

Plant nutrient uptake. Total N and P uptake by

lentil in response to different PGPR isolates is pre-
sented in Fig. 1. N uptake in plants without inocula-
tion was 47 mg plant−1; it significantly (P ≤ 0.05)
increased to the range between 60 and 105 mg plant−1

with PGPR application, demonstrating a 28%–123%
increase over the control. Plant N increases varied sig-
nificantly among the PGPR strains and were extremely
high for either LCA-1 or LCA-5 or the mixture of both
strains. P uptake by plants in the control was 13 mg
plant−1, which significantly (P ≤ 0.05) increased to
17–35 mg plant−1 with PGPR application. Plant P in-
crements varied significantly among the PGPR strains
and were extremely high for either strain LCA-1 or
LCA-5.

Fig. 1 Effect of plant growth-promoting rhizobacteria (PGPR)

on total N and P uptake (shoot + root + grain) of lentil grown

in pots under greenhouse conditions.

Changes in soil properties

After crop harvest, the soil was analyzed to exa-

TABLE VII

Effect of isolated plant growth-promoting rhizobacteria (LCA-1–LCA-5) on shoot, root and grain N and P contents of lentil grown in

pots under greenhouse conditions

Treatment N content P content

Shoot Root Grain Shoot Root Grain

g kg−1

Control 1.16 ea) 10.5 d 21.3 f 3.8 f 2.8 e 4.4 f

LCA-1 1.92 a 15.1 a 29.5 a 7.1 a 4.4 a 8.3 a

LCA-2 1.30 d 12.2 c 25.1 d 5.5 cd 3.6 bcd 6.1 cde

LCA-3 1.33 d 13.1 b 26.2 c 4.3 e 3.4 cd 5.5 de

LCA-4 1.45 c 13.3 b 25.9 cd 5.0 d 3.4 cd 6.2 cd

LCA-5 1.85 ab 14.6 a 28.7 ab 6.4 b 4.0 ab 7.6 ab

NARC strain 1.32 d 11.9 c 22.6 e 4.2 ef 3.2 de 5.2 ef

LCA-1+LCA-5 1.80 b 14.6 a 28.3 b 5.8 c 3.8 bc 6.9 bc

LSDb) (P ≤ 0.05) 1.22 0.77 0.95 0.55 0.55 0.93

a)Values followed by the same letter(s) in a column are not significantly different at P ≤ 0.05.
b)Least significant difference.
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mine any changes induced by the PGPR application
during the course of experiment. The post harvest soil
samples showed relative increases in electrical conduc-
tivity, organic matter content, total N, available P and
available K, whereas pH decreased to some extent com-
pared to the pre-sowing soil (Table I). The extent and
rate of changes in soil properties were small.

Correlations among PGPR strains and plant charac-
teristics

The root growth (length) of the lentil plants had a
significant and positive correlation with the IAA pro-
duction (R2 = 0.67, P ≤ 0.05) (Fig. 2a). A significant
correlation was also detected between root nodules pro-
duced with different PGPR strains and grain yield of
lentil (R2 = 0.82, P ≤ 0.05) (Fig. 2b). Similarly, N
and P uptake also showed a significant correlation with
grain yield (R2 = 0.67, P ≤ 0.05; R2 = 0.82, P ≤ 0.05)
(Fig. 3).

Fig. 2 Correlations of indole acidic acid (IAA) production (a),

root length and number of nodules per plant (b) with grain yield

of lentil grown in pots under greenhouse conditions with applica-

tion of different plant growth-promoting rhizobacteria (PGPR)

strains.

Fig. 3 Correlations of plant N uptake (a) and plant P uptake

(b) with grain yield of lentil grown in pots under greenhouse

conditions with application of different plant growth-promoting

rhizobacteria (PGPR) strains.

DISCUSSION

Plant growth-promoting bacteria isolated from
root nodules of lentil often show different physiological
characteristics. There are reports that these bacteria
are capable of producing biologically active compounds
including different enzymes, phytohormones such as
auxin and also sidespores (Egamberdiyeva, 2005; Cong
et al., 2009; Oswald et al., 2010).

In our study, the bacteria isolated produced vari-
ous hydrolytic compounds (i.e., IAA production) and
were also capable of solubilize P. The isolated strains
showed variation in these characteristics and two iso-
lated strains LCA-1 and LCA-5 showed higher con-
centrations of the growth-promoting substances. The
amount of IAA produced varied with the strains and
ranged between 0.5–11 µg mL−1. P solubilization dif-
fered significantly among strains in the range between
3 and 16 mg L−1. Similar to our findings, variation in
IAA production within species and/or strains of the
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same species was previously reported (Zahir et al.,
2000; Egamberdiyeva, 2008; Abbasi et al., 2011). In a
study conducted by Poonguzhali et al. (2008), PGPR
from the rhizosphere of Brassica campestris L. were
shown to produce 6.02–29.75 µg mL−1 of IAA while
Mehnaz et al. (2010) reported IAA production of 0.28–
5.49 µg mL−1 by PGPR from the maize (Zea mays
L.) rhizosphere. Differences in the production of IAA
among bacterial strains can be attributed to various
biosynthetic pathways, location of the genes involved,
regulatory sequences, and the presence of enzymes to
convert active free IAA into conjugated forms (Patten
and Glick, 1996).

Five out of twenty-three isolates tested exhibited
the potential for P solubilization, an important cha-
racteristic for inoculant development. Generally, it has
been observed that the organisms isolated from the
rhizosphere of legumes are more efficient in solubili-
zing phosphates than those from the non-rhizosphere
soil or from the root zones of non-legumes (Hameed
et al., 2004). The ability of PGPR strains to solubilize
insoluble P and convert it to an available form is an
important characteristic under conditions where P is a
limiting factor for crop production.

Application of PGPR under in vitro and hydro-
ponic conditions showed that almost all isolated strains
possessed properties that would be beneficial in stimu-
lating lentil growth. Yet, there were differences among
the bacterial strains in their ability to sustain plant
growth. For example, strains LCA-1 and LCA-5 were
the most effective in increasing shoot and root growth.
The superiority of these two strains over the remaining
isolates was due to their higher capacity for IAA pro-
duction and P solubilization. The growth-promoting
potential and variability among strains in this study is
almost similar to that reported earlier (Oswald et al.,
2010).

The response in lentil growth to the different
PGPR strains under greenhouse conditions (pot ex-
periment) was similar to that found under in vitro and
hydroponic conditions. However, the rate and extent
of the growth under in vitro and hydroponic conditions
were markedly higher. The growth characteristics, i.e.,
shoot and root lengths, shoot and root fresh weights,
and shoot and root dry weights, were measured. Ave-
raged over different strains, relative increase in these
growth characteristics due to PGPR were 49%, 17%,
33%, 22%, 24% and 40%. This increased growth of
the inoculated plants might be due to the higher N
accumulation by bacterial N, N2 fixation and better
root growth. The shoot and root growth, nodule num-
bers, and nutrient uptake of peas (Pisum sativium)

and soybean were increased when seeds were inocu-
lated by rhizobacteria (Egamberdiyeva and Höflich,
2004; Figueiredo et al., 2008). Egamberdiyeva (2008)
reported that the bacterial strains increased the root,
shoot, and dry weights of peas by more than 26% com-
pared to the control. Zahir et al. (2003) conducted a
series of laboratory experiments on the rhizobial ino-
culation of wheat and reported increases in root elon-
gation up to 20%, root dry weight up to 13%, shoot
elongation up to 38%, and shoot dry weight up to 36%.
Similar rates of increase in wheat due to the applica-
tion of PGPR have also been reported by Çakmakçi et
al. (2007). Similarly, the increases in dry matter and
grain yield due to PGPR was 28%–29% over the con-
trol.

The mechanisms of plant growth stimulation by as-
sociative bacteria are most probably related to greater
mobilization of nutrients, through the production of
growth-promoting substances such as IAA and cy-
tokinins (Vikram et al., 2007). The role of auxins and
cytokinins in enhancing plant cell division and root de-
velopment is well known (Arshad and Frankenberger,
1993). Isolated bacterial strains produced auxin (IAA)
and stimulated root growth in our study. The increase
in root elongation due to IAA production was con-
firmed in this study by the significant positive corre-
lation between IAA and root elongation (R2 = 0.67)
(Fig. 2a).

The increased nodulation number and mass by
PGPR confirmed the selection of compatible strains
based on growth performance. Averaged over differ-
ent strains, the relative increase in nodule numbers by
PGPR strains was about 150% over the control. Our
results were in agreement with the findings of Egam-
berdiyeva (2008), who reported that isolated bacterial
strains increased the main root nodulation of peas by
35%–75% and the nodulation of lateral roots signifi-
cantly increased by 200%. We found that the tested
isolates were IAA producers as well as P solubilizer.
Availability of P in soils is known to initiate nodule
formation, increases the number of nodules and is es-
sential for the development and functioning of nodules
(Waluyo et al., 2004; Tagoe et al., 2008). A significant
and positive relationship existed between root nodu-
lation and seed yield (R2 = 0.82), demonstrating the
importance of nodulation in legumes. Figueiredo et al.
(2008) reported that in legume root nodules, IAA ac-
tivates the enzyme H+-ATPase, which is fundamental
for energy production in the nodules, and the correla-
tion between the two (IAA and nodule number) in the
present study was significant (R2 = 0.54) (data not
shown).
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The effects of PGPR on N and P contents in lentil
when compared with uninoculated control are conclu-
sive and strongly indicate a possible role of PGPR
in providing N and P. In our study, PGPR inocula-
tion increased the N content in the roots, shoots and
seeds of lentil by an average of 35%, 29% and 25%,
respectively. This increase in N content consequently
increased N uptake, which certainly was due to the N2

fixation by the PGPR, since no fertilizer N was ap-
plied in the treatments. The N fixed in plant nodules
is partly used by the plant as indicated by the rise in
N content in the roots and shoots. The increases in
N content and N uptake by plants due to inoculation
are in agreement with some previous studies (Hafeez
et al., 2000; Cong et al., 2010; Osman et al., 2010;
Abbasi et al., 2011). Increases in total N content and
plant uptake could be due to nitrogen fixation and ni-
trate reductase activities of PGPR, or to the uptake of
NH+

4 and amino acids produced by PGPR (Osman et
al., 2010).

The increases in P content and P uptake in lentil
may partially be attributed to the production of a va-
riety of organic acids by the tested PGPR, which de-
creased the soil pH, leading to the conversion of the
non-available P into the available P. Soil microorga-
nisms can also make P available to the plant by pro-
ducing chelating substances, which leads to solubiliza-
tion of phosphates (Osman et al., 2010). Phosphate-
solubilizing Pseudomonas fluorescens was reported to
enhance growth, yield, and N and P contents in the
shoots and seeds of peanut (Dey et al., 2004). Cong et
al. (2010) explained that the higher nutrient uptake
was due to inoculation with Rhizobium and Azospiril-
lum that might attribute to morphological changes in
the plant roots, especially increases in the root num-
ber, length and thickness.

The uptake of both N and P in lentil played a signi-
ficant role in lentil seed yield as a significant, positive
correlation existed between N uptake and seed yield
(R2 = 0.77) and between P uptake and seed yield
(R2 = 0.82).

CONCLUSIONS

Beneficial bacterial isolates from the root nod-
ules of lentil grown on the nutrient-deficient soils of
the arid/semi-arid region of Punjab, Pakistan pro-
duced different biologically active compounds. These
microbial strains exhibited substantial plant growth-
promoting abilities in addition to nutrient accumu-
lation in lentil. The results of our study indicated
that PGPR inoculation significantly increased the

root properties (length and mass), shoot characte-
ristics (length and weight), nodulation (number and
mass), yield attributes and N and P uptake by the
plant. This study also indicated that most of the tested
PGPR strains, especially strains LCA-1 and LCA-5,
may be used as crop growth regulators or biofertilizer
to improve the growth and nutrient accumulation of
lentil. The tested isolates were shown to colonize the
rhizosphere, produce IAA and solubilize P in the labo-
ratory and greenhouse. Tests under the full range con-
ditions in the field are needed, the research must be
proactive, and field trials must be established across
a broad range of soil and environment. Also, further
studies are needed to test the effects of PGPR inocu-
lation on soil quality over the long term to determine
economic as well as biological benefits.
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