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Introduction

Current status of agriculture at the global scenario
demands the researchers to come up with superior
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Abstract

Aim: To evaluate the plant growth promotion (PGP) potential and soil
enzyme production under solid state fermentation (SSF) by most abundant
Streptomyces spp. isolated from the wheat rhizosphere and to evaluate their
effect on plant growth parameters.

Methods and Results: Actinomycetes were isolated from wheat rhizosphere
and screened for PGP activities. Three actinomycete isolates having
significantly higher PGP activities (Streptomyces rochei IDWRI19, Streptomyces
carpinensis IDWR53, Streptomyces thermolilacinus IDWRS81) were selected. The
soil enzymes production potential of these isolates using soil extract and wheat
straw under ssf was assessed. Utilization of soil extract as a fermentation
medium for soil enzyme production by Actinomycetes has been reported first
time in this study. Maximum chitinase (S. rochei IDWR19 122 U mg™'
protein) and phytase activity (S. carpinensis IDWR53 5-2 U mg ™' protein) was
produced on 7th day of incubation, whereas maximum alkaline protease
(S. rochei IDWR19 32 U mg ' protein) was produced on 6th day of
incubation. For cellulase (S. rochei IDWR19 7-4 U mg~ ' protein) and invertase
(S. carpinensis IDWR53 451 U mg~ ' protein) maximum activity was observed
on 4th as well as 5th day of incubation. On the basis of PGP activity and
enzyme production, two actinomycete isolates (S. rochei IDWR19 and
S. thermolilacinus IDRWR81) were selected for plant growth experiment. An
increase of 12-2 and 24-5% in shoot length of plants inoculated with S. rochei
IDWR19 and S. thermolilacinus IDWR81 was observed, respectively. A similar
increase in biomass of 1-8- and 2-3-fold was also recorded for the two isolates,
respectively.

Conclusions: It could be concluded that Streptomyces sp. with high PGP
activities and soil enzyme production capability significantly improved growth
and development of wheat cv.

Significance and Impact of the Study: The abundant Actinomycetes obtained
in this study (S. roches IDWRI19 and S. thermolilacinus IDWR81) are
rhizosphere competent and effective strains.

technologies for increasing the yield and quality of
food grains and crop yield. The conventional methods
for enhancing crop vyield by indiscriminate use of
chemical fertilizers and pesticides have largely affected
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humans, environment and the food quality. Public
awareness to these problems has shifted the approach
towards alternative strategies (Shaxson 2006; Javaid and
Shah 2010). It is well known that a considerable num-
ber of bacterial species, mostly those associated with
the plant rhizosphere are able to exert beneficial effect
upon plant growth. Therefore, their use as biofertilizers
or control agents for agriculture improvement has been
a focus of researchers for a number of years. This
important group of bacteria has been termed as ‘Plant
Growth Promoting Rhizobacteria’ (PGPR) (Glick 1995).
PGPR strains are broadly distributed amongst many
taxa including Actinobacteria, Bacteroidetes, Cyanobac-
teria, Firmicutes and Proteobacteria (Tilak et al. 2005).

Actinomycetes are gram positive, aerobic and myc-
elia-forming bacteria, known for nutrient cycling, pro-
duction of secondary metabolites and plant growth
promotion (PGP) ability. Actinomycetes are found in
various habitats including sea water, fresh water, soil,
marsh area etc; however, they are dominant in dry,
humic and calcareous type of soil. Actinomycetes also
play an important role in the rhizosphere by secreting
a wide range of antimicrobial products thus preventing
growth of common root pathogens. However, apart
from their biocontrol potential, other PGP traits of
Actinomycetes are scarcely reported. There are few
reports regarding their ability of phosphate solubiliza-
tion, organic acid production, siderophore production
and secretion of large number of enzymes, which
directly or indirectly help plant growth (Doumbou
et al. 2001; Al-Aksar 2012; Sadeghi et al. 2012).

Soil enzymes like cellulase, phytase, chitinase, protease,
phosphatase play a critical role in maintaining soil ecol-
ogy, fertility and health (Sinsabaugh et al. 1991). The
enzyme levels in soil system are influenced by organic
matter content, composition and inhabitant macro- and
micro-organisms of soil (Kiss et al. 1978). These enzymes
can be produced by Actinomycetes under submerged as
well as solid state fermentation (SSF) (Suneetha and
Zaved 2011). SSF is a process where in insoluble sub-
strate is fermented with sufficient moisture but without
free water (Chahal 1985). The substrates generally used
are low cost agro residues such a wheat straw, wheat
bran, baggase, soya hulls, etc (Mohana et al 2008).
Enzyme production under SSF by Actinomycetes is very
sparsely reported (Basha et al. 2009; El-Dein et al. 2010)
and needs a lot more attention.

In the present study, we have extended PGP potential
[phosphate solubilization, siderophore and indole acetic
acid (IAA) production] of the most abundant Actinomy-
cete of wheat rhizosphere to soil enzyme production and
explored their potential as a bioinoculant in plant growth
experiment.
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Materials and methods

Rhizosphere: sample collection and characterization

Soil samples were collected from the rhizosphere of
3-month-old wheat plants grown in Idar region of Gujarat,
India (lat 23° 50" E and long N 73° 02') by composite sam-
pling. Three samples each from five plants of ten fields were
taken. The soil loosely adhered to roots was removed, whilst
rhizospheric soil was collected and mixed in sterile polyvinyl
bags. The iron, phosphorous and magnesium contents of
soil were determined by AES-ICP (Model: Optima-3300RL;
Perkin—Elmer, Waltham, MA, USA). The carbon and nitro-
gen content of soil was determined by C-H-N analyzer
(Model: 2400 Series II; Perkin—Elmer).

Actinomycete isolation

The rhizosphere soil samples were enriched with SDS
(0-1%) and yeast extract (5%) and incubated for 15 min
at room temperature to cultivate most abundant Actino-
mycetes. Appropriate dilutions (100 ul) of soil suspension
were spread onto Humic acid Vitamin agar (pH 7-2)
(gl™": Humic acid 12, Na,HPO, 0-6, KCl 2-052,
MgSO,4-7H,0 0-6, FeSO,4-7H,0 0-012, CaCO;5 0-024, agar
21-6) supplemented with Nalidixic acid (10 mg 1™"), Tri-
methoprim (20 mg 17') and Cycloheximide (20 mg17")
and incubated at 30°C for 2-3 weeks (Hayakawa and
Nonomura 1989). All the media and antibiotics were
supplied by Hi-media, India.

Screening for PGP activities

Actinomycete isolates obtained were screened for PGP
activities on buffered (100 mmol 1) tri calcium phos-
phate (TCP) agar, crome azurol sulphonate agar and
tryptone soy agar (containing 5 mmol I~ tryptophan)
for phosphate solubilization, siderophore production and
IAA production, respectively (Schwyn and Neilands 1987;
Bric et al. 1991; Stephen et al. 2009). The isolates that
tested positive on media plates were quantified for phos-
phate solubilization by free phosphate estimation, using
phosphomolybdate method at 820 nm (Ames 1964), IAA
estimation by Salkouski method at 535 nm (Gordon and
Weber 1951) and hydroxamate-type siderophore at
400 nm (Mayer and Abdallah 1978). The best three
isolates thus identified were selected for further studies.

Morphological, chemotaxonomic and molecular
identification

The selected Actinomycetes were characterized on tryp-
tone yeast medium (ISP1), yeast malt-extract medium
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(ISP2), oat meal medium (ISP3), inorganic salt starch
medium (ISP4), glycerol asparagine medium (ISP5), pep-
tone yeast iron medium (ISP6) and tyrosine medium
(ISP7) for morphological characterization including sub-
strate aerial mycelia colour, sporulation, colonial characters,
pigmentation and microscopic characteristics (Shirling and
Gottlieb 1966). Isomers of diaminopimelic acid (DAP) in
cell wall hydrolysates of Actinomycetes were determined by
thin layer chromatography following the standard method
of Boone and Pine (1968). The cultures were identified to
the genus level by comparing the characteristics of isolated
strain to the known species described in Bergey’s manual
of systemic bacteriology (Cross 1989).

The molecular identification of the isolates was carried
out as under:

The genomic DNA of the selected PGP Actinomycete
isolates was extracted as described by Kieser et al. (2000).
The 16S ribosomal DNA (rDNA) gene was amplified with
Actinomycete specific primer pair, 243f (5-GGAT-
GAGCCCGCGGCCTA-3") and 1378r (5-CGGTGTGTA-
CAAGGCCCGGGAACG-3" (Heuer et al. 1997) using
Mastercycler Personal (Eppendorf, Germany). For the
specific amplification of 16S rDNA fragments of Actino-
mycetes, the reaction mixture contained, 2 ul of template
DNA (ca. 80-100 ng), 100 mol 17! F243 and RI1378
100 mol 1”', 5 ul 5X GC-rich Buffer A (Invitrogen,
Carlsbad, CA) and 0-5-1 U GC-rich DNA polymerase
(Invitrogen). PCR amplification was carried out as fol-
lows: initial denaturation step of 3 min at 94°C followed
by 30 cycles of denaturation at 94°C for 30 s, annealing
at 63°C for 30 s, extension at 72°C for 1 min and final
extension at 72°C for 10 min. The PCR products were
purified using the QIAquick PCR purification kit (Qia-
gen) and sequenced using automatic ABI 310 DNA
sequencer (Big Dye Terminator cycle sequencing, ready
reaction kit; Perkin—Elmer). The 16S rDNA sequences deter-
mined were manually aligned with the published sequences
of validly described species available from the EMBL/Gen-
Bank/DDBJ databases. The evolutionary history was inferred
using maximum likelihood method based on the Kimura
2-parameter model (Kimura 1980). Topography of the con-
structed tree was evaluated by bootstrap analysis with 1000
replicates (Felsenstein 1985). The evolutionary analyses
including phylogenetic tree construction were conducted in
MEGAS using 50 nucleotide sequence (Tamura et al. 2011).

Plant sugar utilization profile

The plant sugar utilization was determined by growing
the isolates on minimal medium (gl™": (NH,),SO, 0-2,
MgSO,-7H,0 0-06, PEG 6000 50) supplemented with
sugars (2 glfl) (Arabinose, Fructose, Glucose, Mannose,
Sucrose, Xlyose) added separately in each tube, 1 ml of
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trace salts solution (gl ': ZnSO,-7H,0 1-0, MnCl,-4H,0
1-0, CaCl, 1-0) (Hopwood et al. 1985) and bromocresol
purple to monitor drop in pH. Minimal medium without
any carbon source served as control. The sugar utilization
profile was determined by observing Actinomycete
growth after 1 week incubation at 30°C.

Solid state fermentation

The potential of Actinomycete isolates to produce soil
enzymes like cellulase, invertase, chitinase, alkaline
protease and phytase was determined in solid state
fermentation.

Fermentation medium

Enzyme production was carried out using soil extract
medium containing rhizosphere soil extract (pH 7-2)
(gl™": total carbon 26, total nitrogen 54, phosphorous
0-21, iron 4-6, magnesium 0-9). The fermentation media
were supplemented with enzyme inducers (5 gl™') viz.
carboxymethyl cellulose, sucrose, colloidal chitin, casein
and sodium phytate for cellulase, invertase, chitinase,
protease and phytase production, respectively.

Inoculum preparation

Inoculum of 1.6 x 10°® spores ml~' was prepared by
harvesting spores from a week-old inorganic salt starch
agar (ISP-4) slants of selected isolates by adding 10-ml-
distilled water containing small amount of Tween 80. One
millilitre inoculum was added to fermentation medium.

Enzyme production

The enzyme production was carried out in Erlenmeyer
flask (250 ml) containing 3 g wheat straw as substrate
matrix and soil extract (12 ml) as the fermentation med-
ium sterilized separately by autoclaving at 121°C for
15 min. Fermentation medium containing one millilitre
inoculum was added to substrate matrix and mixed thor-
oughly and incubated at 30°C for 7 days under stationary
conditions. The crude enzyme from each flask was
extracted using minimum volume of 0-25 mol 17" Acetate
buffer (pH 5-5) (for cellulase, invertase, chitinase, phy-
tase) or 0-25 mol 17* Phosphate buffer (pH 7-4) (for
alkaline protease) and filtered through a wet muslin cloth
by squeezing. The filtrate was centrifuged at 6000 g for
15 min and the clear supernatant thus obtained was used
for further assays.

Enzyme assay

The filter paper assay was used to estimate total cellulase
activity from crude enzyme extract (Mandel et al. 1975).
Chitinase and Invertase were estimated according to the
method as described by Reissig et al. (1955), Sumner and
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Howell (1935), respectively. The reducing equivalents of
the enzyme hydrolysate were estimated by 3, 5 dinitrosal-
icylic acid (DNS) method (Miller 1959). The alkaline
protease and phytase assay were performed according to
the method as described by Hagihara ef al. (1958),
Harland and Harland (1980), respectively. Protein estima-
tion was carried out by Lowry method (Lowry et al
1951), and specific activity of enzyme was reported as
units per mg of protein.

One unit of enzyme was defined as the amount of
enzyme required to release one pmol of product per min-
ute per ml of enzyme under standard assay conditions.
Two isolates which showed significantly high enzyme
production, and PGP activities were selected for pot
experimentation.

Plant growth experiment

The rhizosphere soil sample was air-dried, sieved (2 mm
mesh) and sterilized by repeated autoclaving before filling
the pots. Streptomyces rochei IDWR19, and Streptomyces
thermolilacinus IDWR81 were selected for pot experiment.
Wheat (var. Lokwan) seeds were surface sterilized by 95%
ethanol and 0-2% HgCl, solution for 3 min followed by
several washings with sterile distilled water. The surface
sterilization was checked by rolling seeds on nutrient agar
plates. For each treatment, a set of three pots were indi-
vidually sown with eight to ten seeds inoculated with
1 ml (10% spores) of the selected Actinomycete culture.
After germination, five plants were maintained in each
pot. The uninoculated pots with sterile seeds served as
control. The pots were kept under natural sunlight and
temperature. At the end of 28 days, plants were uprooted
and measured for root length, shoot length and biomass.

Statistical analysis

The data were analysed by Sioma Pror (Windows ver.
11.0; Systat Software Inc., Richmond, CA, USA). A one-
way analysis of variance (aNova) was used to determine
the statistical significance, which was assumed to be dif-
ferent when the comparison showed a significance level
of P < 0-05. Results were reported as mean + SE.

Results

Actinomycete isolation and PGP screening

The composite soil samples from wheat rhizosphere of
Idar region had the total content (glfl) of Carbon, 26;
Nitrogen, 54; Phosphorous, 0-21; Iron, 4-6; Magnesium,
0-9; and pH of 7-2. A total of 15 morphologically distinct
Actinomycetes, abundantly distributed in test soil samples

© 2012 The Authors
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were obtained and screened for various PGP activities.
Most of the isolates produced significant IAA on trypto-
phan supplemented tryptone soy agar, whilst failing to
solubilize phosphate on tris-buffered tricalcium phosphate
agar. Amongst 15 isolates tested, 78% (12 cultures) pro-
duced auxins (ranging from 2:6 to 1922 mg 1! TAA
equivalents), 60% (10 cultures) produced siderophores
(hydorxymate type) (ranging from 1-3 to 34-17 mg 17")
and only five solubilized phosphate on buffered tricalcium
phosphate agar. Streptomyces thermolilacinus IDWRS81
showed highest phosphate solubilization (911-6 mg 17")
and also produced a red halo around the colony indicating
drop in pH (8-5-5) (data not shown) on tris-buffered tri-
calcium phosphate agar. Three Actinomycete isolates with
maximum PGP activities were selected for further studies
(Table 1).

Identification of Actinomycetes

The three best PGP Actinomycete isolates obtained
belonged to the genus Streptomyces as they were gram
positive, filamentous, sporulating Actinomycetes with
L-DAP isomer in the cell wall (Table 2).

The 16S rDNA amplicon sequences (~700 bp) were
aligned to databases and the isolates were identified as
S. rochei (IDWR19), Streptomyces carpinensis (IDWR53)
and S. thermolilacinus (IDWR81) as they exhibited 97, 98
and 98% homology with S. rochei P42 (accession
JN967802), S. carpinensis NBRC 14214  (accession
NRO041157) and S. thermolilacinus (accession AB184585),
respectively. The amplicon sequences of the isolates have
been deposited in GeneBank under the accession num-
bers JQ432712, JQ432711 and JQ432713 respectively. The
taxanomic distances of the isolates in the Streptomyces
tree are presented (Fig. 1).

Utilization of plant sugar

The plant sugar utilization profile of Actinomycete iso-
lates is presented (Table 3). Amongst the three strains,
S. rochei IDWR19 recorded maximum growth on all the
C sources; however, the other two isolates also utilized
the tested plant sugars.

Soil enzymes

In the present study, we have explored the potential of
Actinomycetes to produce extracellular soil enzymes using
soil extract medium under solid state fermentation. The
enzyme activity of the isolates is shown (Fig. 2).
Maximum chitinase (S. rochei IDWR19 12:2 U mg ™'
protein) and phytase activity (S. carpinensis IDWR53
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Table 1 PGP potential of actinomycete isolates

R. Jog et al.

Siderophore Phosphate IAA production*¥
Strain production*f (mg ) solubilization*t (mg () (mg D)
IDWR17 1-34 + 0-08 NA 1922 £ 1.9
IDWR19 34-17 + 0-07 95.40 + 51 1781 + 21
IDWR22 122 £ 0:02 NA 14.23 £ 1.3
IDWR30 32-12 + 0-09 NA NA
IDWR32 NA 123 £ 4.2 NA
IDWR39 10-1 £ 012 NA 263 +12
IDWR48 2112 £ 0-04 NA 18-:23 £ 09
IDWR53 27-63 + 0-08 405-17 £ 6-2 13.36 £2-3
IDWR55 NA NA 7-1+13
IDWR56 25-12 £ 01 NA 142 £ 1.2
IDWR62 NA NA 3.2+09
IDWR64 NA NA 4.1+ 11
IDWR65 NA 100-:21 + 2:2 82 +08
IDWR81 26-9 + 0-07 9116 £53 115+ 21
IDWR82 22-7 +£0-03 NA NA

NA, no significant activity; IAA, indole acetic acid; PGP, plant growth promotion.

*Data are mean + SE for three determinations (n = 3).

iThe values represent mean which were significantly different (P < 0-05).

Table 2 Morphological and chemotaxonomical characteristics of
actinomycete isolates

Characteristic IDWR19 IDWR53 IDWR81
Aerial spore mass Grey White Pink
Aerial mycelium White Grey White
Soluble pigment None Dark brown None
DAP isomer L-DAP L-DAP L-DAP
Gram staining Positive Positive Positive

DAP, diaminopimelic acid.

52 U mg ' protein) was produced on 7th day of incuba-
tion, whereas maximum alkaline protease (S. rochei
IDWR19 3-2 U mg ™' protein) was produced on 6th day of
incubation. For cellulase (S. rochei IDWR19 7-4 U mg™'
protein) and invertase (S. carpinensis IDWR53 451 U mg™'
protein) maximum activity was observed on 4th as well as
5th day of incubation, respectively.

Plant growth experiment

The most potent PGP and soil enzyme producers (S. roc-
hei IDWRI9 and S. thermolilacinus IDWRS81) were
selected for plant growth studies in a pot experiment.
Inoculation of wheat with Actinomycete isolates signifi-
cantly improved plant growth as compared to uninocu-
lated control group after 4 weeks (Table 4, Fig. 3).

The wheat plants inoculated with Actinomycete isolates
had high number of root branches; however, significant
change in root length was not observed. Inoculated plants
also showed higher number of branches and significantly

higher biomass (2 and 2-5 times for S. rochei IDWR19
and S. thermolilacinus 81, respectively) as compared to
uninoculated control. An increase of 12-2 and 24-5% in
shoot length of plants inoculated with S. rochei IDWR19
and 81 was observed, respectively. A similar increase in
biomass of 1-8- and 2-3-fold was also recorded with the
two isolates (Table 4).

Discussion

In the present study, we explored the potential of PGP
Actinomycete from wheat rhizosphere to produce soil
enzymes under SSF. Three abundant Actinomycetes with
ability to promote plant growth significantly were isolated
in this study. The morphological and chemotaxonomical
characterization of the isolates identified indicated that
they belonged to Streptomyces genera (Table 2). Further
16S rDNA amplication confirmed them to be S. rochei
IDWR19, S. carpinensis IDWR53 and Streptomyces ther-
molilacinus IDWR81 (Fig. 1). In soil, Streptomyces species
constitute more than 90% of total Actinomycete (Jiang
and Xu 1990; Mokni et al. 2009). Three Actinomycetes
reported here have not been evaluated for PGP potential
except biocontrol activity. To the best of our knowledge,
we are the first to explore the PGP potential of these
Streptomyces species. The three isolates had significantly
higher TAA and siderophore production potential. In
Streptomyces, IAA biosynthesis occurs by Indoleacetamide
(IAM) pathway, wherein tryptophan supplemented in the
medium acts as precursor. It is hypothesized that IAA
acts a common regulating agent for sporulation and

© 2012 The Authors
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Figure 1 Maximum likelihood tree based on 16S rDNA sequences, showing relationships amongst strain IDWR19, IDWR53, IDWR81 and other
representatives of Streptomyces family Bar 0-02 nucleotides substitution per site. Numbers on branches indicate confidence limits estimated from
bootstrap analysis of 1000 replicates.
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Table 3 Plant sugar utilization profile of actinomycete isolates

Plant sugars (MM+ 2%) added*

Strain Glucose Fructose Mannose Sucrose Arabinose Xylose
IDWR19 ++ ++ ++ ++ ++ ++
IDWR53 + + + + + +
IDWR81 + + + + + +

+, presence of growth; ++, significantly high growth; MM, minimal medium.
*Control with only MM showed no growth.
tBroth colour changed to yellow indicating sugar oxidation.
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Figure 2 Soil enzyme production by three selected Streptomyces spp. (a) Chitinase, (b) Alkaline protease, (c) Phytase, (d) Cellulase, (e) Invertase
under ssf using soil extract medium and wheat straw. The number in the legend indicates specific strain under study. Data are mean =+ SE for
three determinations (n = 3). Enzyme production was extremely significant for chitinase*, cellulase* and invertase* (P < 0-001); least significant
(P < 0.05) for alkaline protease” whilst non significant for phytase* (P > 0.05). e, S. rochi IDWR 19; o, Streptomyces carpinensis IDWR 53;
V., S. thermolilacinus IDWR81.

secondary metabolite production in Actinomycetes was higher to that reported for S. albidoflavus (7-1 mg 17")
(Matsukawa et al. 2007). In our study, maximum IAA (Table 1) (Narayana et al. 2009) and comparable to other
production observed for S. rochei IDWR19 (17-8 mg h Actinomycetes (0-22 to 15-14 mg 1Y) (Nimnoi et al.
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(@ (b)
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(c)

Figure 3 Effect of Actinomycete inoculation on wheat plants (a) Control (uninoculated), (b) Inoculated with Streptomyces thermolilacinus

IDWR81, (c) Inoculated with Streptomyces rochei IDWR19.

Table 4 Effect of actinomycete inoculation on plant growth parameters

Root length No. of root Shoot length No. of shoot
Strain (cm)* 1 branches* (cm)*§ branches*+ Biomass (g)*+
Control 6-0 £ 02 05 285+ 1.2 04 0-195 + 0-02
IDWR19 6-5+ 03 07 32+ 10 05 0-370 + 0-01
IDWR81 6-0 £ 02 07 355+ 04 05 0-450 + 0-02

*Data are mean + SE for three determinations (n = 3).

+tMeans in data are significantly different as compared to control (P < 0-05).

$Values do not significantly change as compared to control (P > 0-05).

2010) under similar media conditions when supple-
mented with 5 mmol 17" tryptophan.

Siderophores are low molecular weight iron chelaters
that are produced by many micro-organisms to scavenge
ferric iron with high affinity and resulting ferric-sidero-
phore complexes are shuttled back into cells via active
transport mechanisms (Matzanke et al. 1989). Streptomy-
ces species are known to produce hydroxymate type sid-
erophores, which inhibit growth of phytopathogens by
limiting iron in rhizosphere (Khamna et al. 2009). Micro-
bial siderophores may also be utilized by plants as an
iron source (Wang et al., 1993). The highest siderophore
production amongst the selected isolates was in S. rochei
(S. rochei IDWR19) (hydroxymate type — 34-17 mg I
(Table 1). The findings are similar to those reported for
Pseudonocardia halophobica (hydorxymate type — 39-3 mg 17')
(Nimnoi et al. 2010).

The test Actinomycetes were also screened for phos-
phate solubilization and a maximum of phosphate was
solubilized by S. thermolilacinus (9116 mg1™') on

© 2012 The Authors
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tris-(50 mmol 17") buffered tricalcium phosphate med-
ium (Table 1). The main mechanism responsible for P-
solubization is organic acid production by micro-organ-
isms, which also promote the acidification of the micro-
bial cell and its environment, consequently releasing Pi
from mineral phosphate (Goldstein 1994). The organic
acid secretion differs in various organisms. Actinomycetes
are known to produce pyruvate, o-ketoglutarate, lactate,
succinate, citrate, malate and oxalate in varying concen-
tration (Rozycki and Strzelczyk 1986). However, Actino-
mycete phosphate solubilization via organic acid
production is poorly reported because of insufficient con-
centration of these acids. It was found that S. thermolilac-
inus IDWR81 produced malic acid on TLC plates (data
not shown), which lowered medium pH from 8 to 5-5
thus releasing free phosphates.

The rhizosphere competence of any micro-organism is
dependent on its ability to utilize nutrients secreted by
plant in the form of root exudates. The three isolates
could utilize plant sugars under study signifying broader
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carbon utilization ability. Streptomyces rochei IDWR19
had highest number of colonies on isolation agar, which
also co-related with its higher growth on the tested plant
sugars (Table 3).

Actinomycetes under study were further screened for
production of soil enzymes under solid state fermentation.
In SSF, the water is present in a complex form within the
solid matrix or as a thin layer either absorbed to the sur-
face of the particles or less tightly bound within the capil-
lary region of the solid (Raimbault 1998) resembling
closely to the soil conditions. The soil enzymes are essen-
tial to utilize the nutrients available in rhizosphere. These
nutrients, majorly available from plants, are broadly
termed as ‘Rhizodeposition’. This includes wide processes
by which C enters soil including lysis of root cells, flow of
C through mycorrhizas, gaseous loses, root exudates,
insoluble polymer secretion from living cells, etc (Jones
et al. 2004). These factors contribute to construct a nutri-
ent pool containing polymers, sugars, peptides and amino-
acids, organic phosphates, etc in rhizosphere. The soil
enzymes selected in the present study are the fertility
markers (Cellulase, invertase: C-cycling; Protease, chitin-
ase: N-cyling; Phytase: P-cycling). The Actinomycete iso-
lates obtained in present study were capable of utilizing
these nutrients by producing soil enzymes and in turn
exhibit PGP activities that were extremely beneficial for
plants. The data shows that soil extract and agrowaste in
combination can be used to attain adequate enzyme pro-
duction (Fig. 2). To the best of our knowledge, we are the
first to report enzyme production by Actinomycetes under
ssf using agrowaste as substrate matrix and soil extract as
fermentation medium.

The most efficient PGP Streptomyces (isolate IDWR81
and IDWR19), when inoculated in pot experiment signif-
icantly improved plant growth and development in terms
of roots and shoots length, number of branches and bio-
mass as compared to uninoculated control plants under
nonaxenic conditions (Table 4, Fig. 3). Our results are in
line with the findings of Dobbelaere et al. (2002) who
reported the inoculation of PGPR Azospirillum brasilense
resulted in increased dry weight of the root and shoot
parts. Similarly, promotion in plant height, plant dry
weight and grain yields of various crop plants in response
to inoculation with PGPR were reported by other work-
ers (Chen ef al. 1994; Khalid et al. 1997; Biswas et al.
2000; Hilali et al. 2001). The isolated strain S. thermoli-
lacinus IDWR81 (Table 1), which was abundant in wheat
rhizosphere, produced highest auxin and solubilized max-
imum phosphate also significantly promoted yield of tri-
als. This may imply that the strain had competitive
advantage and positively affected the growth of inocu-
lated plants and can be tested as a potential biofertilizer
in field trials.

R. Jog et al.

Acknowledgements

The authors gratefully acknowledge the financial grant
received from Gujarat State Biotechnology Mission
(GSBTM) and basic infrastructure provided by Nirma
Education and Research Foundation (NERF) in support-
ing this research work.

References

Al-Aksar, A.A. (2012) Microbiological studies on the in vitro
inhibitory effect of Streptomyces collinus albescens against
some phytopathogenic fungi. Afr | Microbiol Res 6,
3277-3283.

Ames, B.N. (1964) Assay of inorganic phosphate, total
phosphate and phosphatases. Met Enzymol 8, 115-118.

Basha, N.S., Rekha, R., Komala, M. and Ruby, S. (2009)
Production of extracellular anti-leukaemic enzyme
L-asparginase from marine Actinomycetes by solid state
and submerged fermentation: purification and
characterization. Trop J Pharm Res 8, 353-360.

Biswas, J.C., Ladha, J.K. and Dazzo, F.B. (2000) Rhizobia
inoculation improves nutrient uptake and growth of
lowland rice. Soil Sci Am ] 64, 1644—1650.

Boone, C.J. and Pine, L. (1968) Rapid method for
characterization of Actinomycetes by cell wall
composition. Appl Microbiol 16, 279-284.

Bric, J.M., Bostock, R.M. and Silverstone, S.E. (1991) Rapid
insitu assay for IAA production by bacteria immobilized
on a nitro-cellulose membrane. Appl Environ Microbiol 57,
535-538.

Chahal, D.S. (1985) Solid state fermentation with Trichoderma
reesei for cellulase production. Appl Environ Microbiol 49,
205-210.

Chen, Y., Mei, R, Lu, S., Liu, L. and Kloepper, J.W. (1994)
The use of yield increasing bacteria as plant growth
promoting rhizobacteria in Chinese agriculture. In
Management of Soil Borne Diseases ed. Gupta, V.K. and
Utkhede, R. pp. 1-13. New Delhi: Narosa Publishing.

Cross, T. (1989) Growth and examination of actinomycetes —
some guidelines. In: Bergey’s Manual of Systematic
Bacteriology. Vol. 4 ed. Williams, S.T., Sharpe, M.E. and Holt,
J.P. pp. 2340-2343. Baltimore, MD: Williams & Wilkins.

Dobbelaere, S., Croonenborghs, A., Thys, A., Ptacek, D.,
Okon, Y. and Vanderleyden, J. (2002) Effect of
inoculation with wild type Azospirillum brasilense and
A. irakense strains on development and nitrogen uptake of
spring wheat and grain maize. Biol Fert Soils 36, 284-297.

Doumbou, C.L., Salove, M.K.H., Crawford, L.D. and Beaulieu,
C. (2001) Actinomycetes, promising tools to control plant
diseases and to promote plant growth. Phytoprotection 82,
85-102.

El-Dein, A., Hosny, M.S., El-Shayeb, N.A., Abood, A. and
Abdel-Fattah, A.M. (2010) A potent chitinolytic activity of

© 2012 The Authors

1162 Journal of Applied Microbiology 113, 1154-1164 © 2012 The Society for Applied Microbiology



R. Jog et al.

marine Actinomycete sp and enzymatic production of
chitooligosaccharides. Aust J Basic Appl Sci 4, 615-623.

Felsenstein, J. (1985) Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39, 783-791.

Glick, B. (1995) The enhancement of plant growth by free
living bacteria. Can ] Microbiol 41, 109-117.

Goldstein, A. (1994) Involvement of the quinoprotein glucose
dehydrogenase in the solubilization of exogenous mineral
phosphate by gram-negative bacteria. In: Phosphate in
Microorganisms: Cellular and Molecular Biology ed. Groni,
T.A., Yagil, E. and Silver, S. pp. 197-203. Washington,
DC: ASM Press.

Gordon, S.A. and Weber, R.P. (1951) Colorimetric estimation
of indoleacetic acid. Plant Physiol 26, 192-195.

Hagihara, B., Matsubara, H., Nakai, M. and Okumuki, K.
(1958) Crystalline bacterial proteinase I. Preparation of
crystalline proteinase of Bacillus subtilis. ] Biochem 45,
185-194.

Harland, B.F. and Harland, J. (1980) Fermentative reduction
of phytic acid in rye, wheat and whole bread. Cereal Chem
57, 226-229.

Hayakawa, M. and Nonomura, H. (1989) A new method for
the intensive isolation of Actinomycetes from soil.
Actinomycetologica 3, 95-104.

Heuer, H., Krsek, M., Baker, P., Smalla, K., Elizabeth, M. and
Wellington, H. (1997) Analysis of Actinomycete
communities by specific amplification of genes encoding
16S rRNA and gel-electrophoretic separation in
denaturing gradients. Appl Environ Microbiol 63,
3233-3241.

Hilali, A., Przvost, D., Broughton, W.J. and Antoun, H. (2001)
Effects de 'inoculation avec des souches de Rhizobium
leguminosarium bv. trifolii sur la croissance du blé dans
deux sols du Marco. Can | Microbiol 47, 590—-593.

Hopwood, D.A., Bibb, M.]J., Chater, K.F., Kieser, T., Bruton,
C.J. and Kieser, H.M. (1985) Genetic Manipulation of
Streptomyces: A Laboratory Manual. Norwich: John Innes
Foundation.

Javaid, A. and Shah, M. (2010) Growth and yield responses of
wheat to EM (effective microorganisms) and parthenium
green manure. Afr | Biotechnol 9, 3373-3381.

Jiang, C.L. and Xu, L.H. (1990) Characteristics of the
populations of soil Actinomycetes in Yunnan.
Actinomycetes 1, 67-74.

Jones, D.L., Hodge, A. and Kuzyakov, Y. (2004) Plant and
mycorrhizal regulation of rhizodeposition. New Phytol
163, 459-480.

Kieser, T., Bibb, M.]., Buttner, M.]., Chater, K.F. and
Hopwood, D.A. (2000) Preparation and analysis of
genomic and plasmid DNA. In Practical Streptomyces
Genetics pp. 162-208. Norwich: The John Innes
Foundation.

Khalid, A., Arshad, M., Zahir, Z.A. and Khaliq, A. (1997)
Potential of plant growth promoting rhizobacteria for
enhancing wheat yield. ] Anim Plant Sci 7, 53-56.

© 2012 The Authors

PGP and SSF by rhizospheric Actinomycetes

Khamna, S., Yokota, A. and Lumyong, S. (2009)
Actinomycetes isolated from medicinal plant rhizosphere
soil: diversity and screening of antifungal compound,
indole-3-acetic acid and siderophore production. World |
Microbiol Biotech 25, 649—655.

Kimura, M. (1980) A simple method for estimating
evolutionary rates of base substitutions through
comparative studies of nucleotide sequences. ] Mol Evol
16, 111-120.

Kiss, S., Dragan-Bularda, M. and Radulescu, D. (1978) Soil
polysaccharidases: activity and agricultural importance. In
Soil Enzymes ed. Burns, R.G. pp. 117-147. London:
Academic Press.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.
(1951) Protein measurement with the folin phenol
reagent. | Biol Chem 31, 426-428.

Mandel, M., Sternberd, D. and Andreoti, R.E. (1975) Growth
and cellulase production by Trichoderma. In: Proceedings
of Symposium on Enzymatic Hydrolysis of Cellulase.
Helsinki: pp. 81-109.

Matsukawa, E., Nakagawa, Y., limura, Y. and Hayakawa, M.
(2007) Stimulatory effect of indole-3-acetic acid on aerial
mycelium formation and antibiotic production in
Streptomyces sp. Actinomycetologica 21, 32—-39.

Matzanke, B.F., Matzanke, M.G. and Raymond, K.N.

(1989) Siderophore mediated iron transport. In Physical
Bioorganic Chemistry 5 — Iron Carriers and Iron Proteins ed.
Loehr, T.M. pp. 1-21. New York: VCH Publishers.

Mayer, J.M. and Abdallah, M.A. (1978) The fluorescent
pigment of Pseudomonas fluorescens biosynthesis,
purification and physicochemical properties. | Gen
Microbiol 107, 319-332.

Miller, G.M. (1959) Use of 3,5 dinitrosalicylic acid reagent
for determination of reducing sugar. Anal Chem 31,
426-428.

Mohana, S., Shah, A., Divecha, J. and Madamwar, D. (2008)
Xylanase production by Burkholderia sp. DMAX strain
under solid state fermentation using distillery spent wash.
Bioresour Technol 99, 7553—-7564.

Mokni, T.S., Jaoua, L., Murano, F., Jedidi, N. and Hassen, A.
(2009) Study of the effect of urban organic residues on
the distribution of culturable Actinomycetes in a Tunisian
agricultural soil. Waste Manag Res 27, 224-232.

Narayana, K.J., Peddikotla, P., Palakodety, S.J.K., Yenamandra,
V. and Muvva, V. (2009) Indole-3-acetic acid production
by Streptomyces albidoflavus. | Biol Res 11, 49-55.

Nimnoi, P., Pongslip, N. and Lumyong, S. (2010) Endophytic
Actinomycetes isolated from Aquilaria crassna Pierre ex
Lec and screening of plant growth promoters production.
World ] Microbiol Biotech 26, 193-203.

Raimbault, M. (1998) General and microbiological aspects
of solid substrate fermentation. Electron J Biotechnol 1, 1-15.

Reissig, J.L., Strominger, J.L. and Leoloir, L.F. (1955) A
modified colorimetric method for the estimation of
N-acetylamino sugars. ] Biol Chem 217, 959-966.

Journal of Applied Microbiology 113, 1154-1164 © 2012 The Society for Applied Microbiology 1163



PGP and SSF by rhizospheric Actinomycetes

Rozycki, H. and Strzelczyk, E. (1986) Organic acids
production by Streptomyces spp. isolated from soil,
rhizosphere and mycorrhizosphere of pine (Pinus sylvestris
L.). Plant Soil 96, 337-345.

Sadeghi, A., Karimi, E., Dahaji, P.A., Javid, M.G., Dalvand, Y.
and Askari, H. (2012) Plant growth promoting ability of
an auxin and siderophore producing isolate of
Streptomyces under saline salt conditions. World |
Microbiol Biotechnol 28, 1503—1509.

Schwyn, B. and Neilands, J.B. (1987) Universal chemical assay
for the detection and determination of siderophores. Anal
Biochem 160, 47-56.

Shaxson, T.F. (2006) Re-thinking the conservation of carbon,
water and soil: a different prespective. Agron Sustain Dev
26, 9-19.

Shirling, E.B. and Gottlieb, D. (1966) Methods for
characterization of Streptomyces species. Int ] Syst Baceriol
16, 313-340.

Sinsabaugh, R.L., Antibus, R.K. and Linkins, A.E. (1991) An
enzymic approach to the analysis of microbial activity
during plant litter decomposition. Agric Ecosyst Environ
34, 43-54.

R. Jog et al.

Stephen, J., Bacon, C.W. and White, J.F. (2009) Buffering
reduces phosphate solubilising ability of selected strains of
bacteria. World ] Agric Sci 5, 135-137.

Sumner, J.B. and Howell, S.F. (1935) A method for deter-
mination of saccharase activity. J Biol Chem 108, 51-54.

Suneetha, V. and Zaved, A.K. (2011) Actinomycetes: sources
for soil enzymes. In Soil Enzymology, Soil Biology ed.
Shukla, G. and Varma, A. pp. 329-337. Berlin, Heidelberg:
Springer-Verlag.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M.
and Kumar, S. (2011) MEGAS5: molecular evolutionary
genetic analysis using maximum likelihood, evolutionary
distance and maximum parsimony methods. Mol Evol Biol
28, 2731-2739.

Tilak, K.V.B.R., Ranganayaki, N., Pal, K.K,, De, R., Saxena, A.
K., Nautiyal, C.S., Mittal, S., Tripathi, A.K. (2005)
Diversity of plant growth and soil health supporting
bacteria. Curr Sci India 89, 136—150.

Wang, Y., Brown, H.N., Crowley, D.E., Szamiszlo, P.J. (1993)
Evidence for direct utilization of a siderophore,
ferrioxamine B, in axenically grown cucumber. Plant cell
Environ 16, 579-585.

© 2012 The Authors

1164 Journal of Applied Microbiology 113, 1154-1164 © 2012 The Society for Applied Microbiology



