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Abstract The effect of phosphate-solubilizing bacteria

(PSB), Bacillus subtilis KF279045, identified on the basis

of 16S rRNA gene sequencing was investigated on plant

growth and diosgenin content in Dioscorea alata in pots

containing tricalcium phosphate (TCP) supplemented soil.

The PSB were isolated from the rhizosphere of D. alata

plants and tested for P-solubilization ability and indole

acetic acid production. High performance thin layer chro-

matography method was used for quantitative determina-

tion of diosgenin in different samples of D. alata. In

glasshouse study, treatment of PSB resulted in increased

plant growth and diosgenin content. The stimulatory effect

was observed with PSB ? TCP treatment in plant growth

parameters and diosgenin content was compared to the

uninoculated plants. This is the first study documenting the

stimulatory effect of PSB on diosgenin content and it

suggests the establishment of synergistic interactions

between B. subtilis and D. alata.
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Introduction

Dioscorea alata L. (Dioscoreaceae) is an important tuber plant

for food and medicinal use to promote health and longevity in

Chinese traditional medicine [1]. Steroidal saponins were

reported to be the major physiologically active constituents in

Dioscorea sp. [2].Dioscorea is a potent source of diosgenin, a

steroidal saponin having significant pharmaceutical impor-

tance. Diosgenin is an important precursor of semi-synthetic

steroids such as corticosteroids, sex hormones (e.g., proges-

terone) and other steroidal drugs in pharmaceutical industry [3,

4]. Diosgenin has also been reported against cancer [5], car-

diovascular disease [6], diabetes [7], Alzheimer’s disease [8],

osteoporosis [9] and skin aging [10].

The amount of active principles depends on total bio-

mass, which further depends on climatic factors, agro-

techniques, water management and fertilizer applications.

Recently, the integrated application of microbial inoculants

to agro-technologies for the cultivation of medicinal plants

is being promoted for improving their productivity in terms

of biomass and biochemical constituents [11–14]. Phos-

phate solubilizing bacteria (PSB) are well known to pro-

mote plant growth because of their ability to convert

insoluble form of P to soluble form that can be readily

taken up by the plant roots. Usually the soils are supple-

mented with inorganic P in the form of chemical fertilizers.

A large proportion of the applied P gets fixed in the soil as

phosphates of iron, aluminum and calcium [15]. This fixed

form of P is not efficiently taken up by the plants and

known to cause many environmental problems like

eutrophication and soil salinity [16]. The use of PSB as

biofertilizers could decrease the environmental problems

associated with conventional chemical fertilizers. In addi-

tion to P-solubilization, PSB may also improve plant pro-

ductivity by synthesizing other secondary metabolites.
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Several evidences related to plant growth promotion

exhibited by PSB via production of IAA make it more

suitable as biofertilizer [17, 18].

The effect of PSB on medicinal plants is gaining

momentum, as evidenced by an increase in the number of

reports [11, 19, 20]. However, there are no information

related to studying the effect of PSB on the growth and

diosgenin content in D. alata. Therefore, the objective of

the present study was to isolate the PSB from the rhizo-

sphere of Dioscorea plants and examine their effect on

plant growth, availability of P in soil, P uptake by plants

and diosgenin yield from D. alata. Moreover, diosgenin

contents in the aerial and underground parts of different

plant samples have been analyzed by high performance

thin layer chromatography (HPTLC). Further, the PSB was

screened and characterized with molecular biological tools.

Material and Methods

Isolation and Screening of PSB

Rhizospheric soil samples of D. alata plants growing in

organic farms (loamy soil, without any input of chemical

fertilizers) were collected in sterile plastic bags from the

herbal garden of Lovely Professional University, Phag-

wara, Punjab, India in the month of January, 2013. Plant

material was identified by the authors following the iden-

tification key [21]. A voucher specimen (DA 001) was

preserved at the Department of Biotechnology, Lovely

Professional University for future reference. Samples were

processed on the same day on which the soil was collected.

One gram soil of each sample was suspended separately in

9.0 ml of phosphate buffer saline of pH 7.2. The serial

dilutions (1:10) were made and spread on Pikovskaya’s

(PVK) agar plates containing 0.5 % tricalcium phosphate

(TCP) and incubated at 30 �C for 72 h. Colonies showing

zone of solubilization indicating microbial P-solubilizing

ability, were streaked on nutrient agar plates to check their

purity and stored for further studies. P-solubilization was

estimated in a PVK liquid medium amended with 0.5 %

TCP. The isolates were grown in a 100 ml liquid medium

at 30 �C on a rotary shaker (130 rev min-1) and the pH

was adjusted to 7.0. The 5.0 ml culture was taken out at

regular intervals of 24 h, for 6 days, centrifuged

(10,0009g for 10 min) and soluble-P content of culture

supernatant was estimated by colorimetric chlorostannous

reduced molybdophosphoric acid blue method [22].

Quantitative Estimation of Indole Acetic Acid (IAA)

IAA was assayed by the colorimetric method using ferric

chloride-perchloric acid reagent (FeCl3–HClO4) [23]. PSB

were inoculated in the minimal medium (g l-1): KH2PO4,

1.36; Na2HPO4, 2.13; MgSO4�7H2O, 0.2, pH 7.0, amended

with 5.0 mM L-tryptophan solution (g 100 ml-1: glucose,

10; tryptophan, 1.0; yeast extract 0.1; filtered through

sterile 0.2 lm Millipore membrane filter) [24]. Flasks were

incubated at 30 �C on a rotary shaker (130 rev min-1).

Cultures were withdrawn after 48 h intervals and were

centrifuged (10,0009g for 10 min). The 2.0 ml of Salper’s

reagent was added to 1.0 ml of culture supernatant and

samples were incubated in dark for 30 min. Development

of pink color was assayed by a spectrophotometer at

530 nm. The concentration of IAA (in lg ml-1) was

determined from a standard curve of IAA (0–10 lg ml-1).

Physiological Characterization and Molecular

Identification of PSB

PSB isolates were characterized based on colony mor-

phology, Gram-staining and biochemical testing of catalase

[25], oxidase [26] and lactose fermentation [27]. The very

first step executed was isolation of DNA from the culture.

Hence, evaluation of the quality was done on 1.2 % agar-

ose gel and a single band of high-molecular weight DNA

(representing single clone of the PSB chosen for the

studies) was observed following standard protocol. Frag-

ment of 16S rDNA gene was amplified by PCR from the

isolated DNA. A single discrete PCR amplicon band of

1500 bp was observed when resolved on agarose gel

(Fig. 1). Forward and reverse DNA sequencing reaction of

PCR amplicon were carried out with 27F and 1492R pri-

mers using BDT v3.1 Cycle sequencing kit on ABI 3730xl

Genetic Analyzer. Consensus sequence of 1457 bp rDNA

gene was generated from forward and reverse sequence

data using aligner software (Fig. 2). The 16S rDNA gene

Lane          1                    2 

1.5KB

Fig. 1 Gel image of16SrDNA amplicon. Lane 1 16S rDNA amplicon

band; lane 2 DNA marker
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sequence was used to carry out BLAST with the nrdatabase

of NCBI genbank database (http://www.ncbi.nlm.nih.gov).

Based on maximum identity score, first ten sequences were

selected and aligned using multiple alignment software

program Clustal W. Distance matrix was generated using

RDP database and a phylogenetic tree was constructed

using MEGA 4 (Fig. 3).

Pot Experiments

PSB was grown in the nutrient broth at 30 �C in an orbital

shaker (150 rev min-1) for 24 h. The culture was cen-

trifuged in 50 ml sterile plastic tubes at 60009g for

15 min. The pellets were resuspended in PBS and optical

density (OD) was adjusted to get a final concentration of

colony forming units, i.e. 108 CFU ml-1. This liquid cul-

ture of PSB was used for inoculation during pot

experiments.

Experiments were conducted in a glasshouse during

February–April, 2013, in the Department of Biotechnology,

Lovely Professional University. Unsterile loamy soil (pH, 7.6;

available N, 46.2 mg kg-1; available P, 5.3 mg kg-1; avail-

able K, 14.2 mg kg-1; total Ca, 6.2 m Equiv. kg-1; total Mg,

1.3 m Equiv. kg-1; total organic carbon, 0.13 %) were mixed

thoroughly and passed through 2 mm sieve to remove large

particulate matters following which the mixture was auto-

claved. Plastic pots (10 cm 9 20 cm), were filled with 1.0 kg

of soil. The cuttings of D. alata with nodes were surface-

sterilized by dipping in 2 % NaOCl solution for 10 min and

then washed thrice with distilled water. The surface-sterilized

nodal cuttings were dipped in the desired culture inoculums

(&108 CFU ml-1) for 15 min and were planted in three dif-

ferent sets of treatment with five replications of each. These

sets included: (1) unamended soil (2) soil ? TCP

(100 mg kg-1 soil); (3) soil ? TCP ? B. subtilis. Experi-

mentswereperformed in completely randomizedblockdesign.

Forward sequence: (866bp)
GCATCGATGCATCGTACGTACGTCGGATCGTAATCGCCGCCGAATAATATATAAGTCATGACTGACTGACTACGACTGTTGTGTACAAGGCCC
GGGAACGTATTCACCGCGGCATGCTGATCCGCGATTACTAGCGATTCCAGCTATATTCACGCAGTCGAGTTGCAGACTGCGATCACGAACT
GAGAACAGATTTGTGGGATTGGCTTAACCTCGCGGTTTCGCTGCCCTTTGTTCATGTCCATTGTATAAGCACGTGTGTAGCCCAGGTCATAA
GGGGCATGATGATTTGACGTCATCCCCACCTTCTACTCCGGTTTGTCATACCGGCAGTCACCTTAGAGTGCCCAACTGAATGCTGGCAACTA
AGATCAAGGGTTGCGCCGTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCACTCTGGCC
CCCGAAGGGGACGCGTCCTATCTCTAGGATTGTCAGAGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCCACTTCGAATTAAACACCAC
ATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGAACCCGTACTCCCCAGTACGGCGGAGTGCTTAATGCG
TTAGCTGCAGCACTAAGGGGCGGAAACCCCCTAACACTTTAGCACTCATCGTTTGTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCG
CTCCCCACGCTTTCGCTCCTCATGGCGTCAGTTACAGTGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCAC
CGCTGTACACGTGGAATTCCACTGCATCGTAGCTGTCGTGCAG

Reverse Sequence: (958bp)
GCAGTCGACTGCTCAACTGACGATTCTGACGTTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGAACCCGTACTCCCCAGTACG
GCGGAGTGCTTAATGCGTTAGCTGCAGCACTAAGGGGCGGAAACCCCCTAACACTTTAGCACTCATCGTTTGTACGGCGTGGACTACCAG
GGTATCTAATCCTGTTCGCTCCCCACGCTTTCGCTCCTCATGGCGTCAGTTACAGTGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCA
CATCTCTACGCATTTCACCGCTGTACACGTGGAATTCCACTCTCCTCTTCTGCACTCAAGTTCCCCAGTTTCCAATGACCCTCCCCGGTTGAG
CCGGGGGCTTTCAGCATCAGACTTAAGAAACCGCCTGCGAGCCCTTTACGCCCAATAATTCCGGACAACGCTTGTGCCACCTACGTATTAC
CGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTTCTGGTTAGGTACCGTCAAGGTACCGCCCTATTGCGAACGGTACTTGTTCTTCCCTAAC
AACAGAGCTTTACGATCCGAAAACCTTCATCACTTCACGCGGCGTTGCTCCGTCAGACTTTCGTCCATTGCGGAAGATTCCCTACTGCTGCC
TCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGATCACCCTCTCAGGTCGGCTACGCATCGTCGCCTTGGTGAGCCGTTACC
TCACCAACTAGCTAATGCGCCGCGGGTCCATCTGTAAGTGGTAGCCGAAGCCACCTTTTATGTTTGAACCATGCGGTTCAAACAACCATCC
GGTATTAGCCCCGGTTTCCCGGAGTTATCCCAGTCTTACAGGCAGACTACGTACTGCTGCGATACTGACTGACGCTGACTGACGACACTGA
GCGTTAGTCGTCGATATATCGCGCATGCATGCTGCCTAGACTCAG

Aligned Sequence: (1457bp)
GTACGTATACGATCGTAATCGCCGCCGAATAATATATAAGTCATGACTGACTGACTACGACTGTTGTGTACAAGGCCCGGGAACGTATTCACC
GCGGCATGCTGATCCGCGATTACTAGCGATTCCAGCTATATTCACGCAGTCGAGTTGCAGACTGCGATCACGAACTGAGAACAGATTTGTG
GGATTGGCTTAACCTCGCGGTTTCGCTGCCCTTTGTTCATGTCCATTGTATAAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTT
GACGTCATCCCCACCTTCTACTCCGGTTTGTCATACCGGCAGTCACCTTAGAGTGCCCAACTGAATGCTGGCAACTAAGATCAAGGGTTGC
GCCGTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCACTCTGGCCCCCGAAGGGGACG
CGTCCTATCTCTAGGATTGTCAGAGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCCACTTCGAATTAAACACCACATGCTCCACCGCTT
GTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGAACCCGTACTCCCCAGTACGGCGGAGTGCTTAATGCGTTAGCTGCAGCACT
AAGGGGCGGAAACCCCCTAACACTTTAGCACTCATCGTTTGTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCTTTC
GCTCCTCATGGCGTCAGTTACAGTGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCGCTGTACACGTG
GAATTCCACTCTCCTCTTCTGCACTCAAGTTCCCCAGTTTCCAATGACCCTCCCCGGTTGAGCCGGGGGCTTTCAGCATCAGACTTAAGAA
ACCGCCTGCGAGCCCTTTACGCCCAATAATTCCGGACAACGCTTGTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGG
CTTTCTGGTTAGGTACCGTCAAGGTACCGCCCTATTGCGAACGGTACTTGTTCTTCCCTAACAACAGAGCTTTACGATCCGAAAACCTTCAT
CACTTCACGCGGCGTTGCTCCGTCAGACTTTCGTCCATTGCGGAAGATTCCCTACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGT
CCCAGTGTGGCCGATCACCCTCTCAGGTCGGCTACGCATCGTCGCCTTGGTGAGCCGTTACCTCACCAACTAGCTAATGCGCCGCGGGTCC
ATCTGTAAGTGGTAGCCGAAGCCACCTTTTATGTTTGAACCATGCGGTTCAAACAACCATCCGGTATTAGCCCCGGTTTCCCGGAGTTATCC
CAGTCTTACAGGCAGACTACGTACTGCTGCGATACTGACTGACGCTGACTGACGACACTGAGCGTTAGTCGTCGATATATCGCGCCGA

Fig. 2 Details of sequences

generated
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Analysis of Available P Content in Soil and P Uptake

in Plants

After the harvesting of plants, the P content of soil and

dried plant parts were analyzed. Available P content in soil

was determined by colorimetric sodium bicarbonate-ex-

tractable P method [28]. P uptake in plant parts was

determined using vanado-molybdo-phosphoric yellow

color method [29].

HPTLC Analysis of Diosgenin Content in the Aerial

and Underground Parts of Different Samples of D.

alata

Dioscorea alata roots and aerial shoots were dried in an

oven at 40 �C for 5 days (prolonged drying period was

used to make it completely moisture free before going for

the extraction process). The 50 mg of completely dried and

powdered samples were taken in 25 ml conical flasks.

Samples were extracted with 10 ml methanol for 24 h and

then filtered through Whatman filter paper in a 50 ml

distillation flask. The extract was completely dried and

dissolved in 2 % H2SO4 in water for hydrolysis of sapo-

nins. The extract was dried and chloroform was added to

the sample. Chloroform soluble fraction containing dios-

genin was used for HPTLC quantification. Instrument used

for HPTLC analysis was a CAMAG TLC system com-

prising of a Linomat-5 applicator and CAMAG TLC den-

sitometer scanner. Stationary phase used was silica gel 60

F254, 20 9 10 cm TLC plate obtained from Merck. Sol-

vents toluene and ethyl acetate (EA) were of analytical

grade procured from Himedia. For each run, the factors

kept constant were (1) solvent front: 8 cm, (2) time of run:

12–15 min, (3) developing reagent: methanol and conc.

H2SO4, (4) time of development: 15 min in oven at 60 �C
with air circulation, (5) densitometry scan: 430 nm.

Working standard of diosgenin (50 lg ml-1) (Sigma-

Aldrich, 95 % pure) prepared in methanol was taken for the

study. The calibration curve from 100 to 500 ng spot-1

was prepared and checked for reproducibility, linearity and

validating the method. The method was validated in terms

of linearity range, accuracy, limit of detection (LOD) and

limit of quantification (LOQ).

Fig. 3 Phylogenetic tree based on 16S rRNA gene sequences,

showing the relationships among selected PSB isolates (shown in

bold letters) and representatives of other related taxa with validly

published names. The 16S rRNA gene accession numbers are given

within brackets. The evolutionary history was inferred using the

Neighbor-Joining method. The optimal tree with the sum of branch

length = 0.97398246
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Statistical Analysis

Statistical analysis was conducted using one-way analysis

of variance (ANOVA) by Minitab 15. Comparisons of

means were performed by the LSD test at P B 0.05.

Results and Discussion

Isolation and Screening of PSB and Indole Acetic

Acid (IAA) Production by the Isolates

Only one out of 3 PSB isolated from the rhizosphere of

Dioscorea plants showing P-solubilizing zone[5 mm on

the Pikovskaya’s (PVK) agar medium was screened. In

liquid PVK medium, the P-solubilizing ability of the

organism was 325 lg ml-1. The selected bacterial isolates

were further tested for IAA production. Isolates, DK1

(tentatively named before identification) produced IAA

(15.3 lg ml-1) in the highest amount. Other two isolates

DK2 and DK3 produced 13.7 and 13.1 lg ml-1 IAA

respectively.

Biochemical and Molecular Characterization of PSB

Best PSB (DK1) was chosen for biochemical and molec-

ular characterization. DK1 PSB isolates were Gram-posi-

tive unicellular rods (Table 1). The results of the BLAST

search of the 16S rRNA gene sequences indicated DK1

isolates being closely related to Bacillus subtilis strain

BAB-2441. Based on the Neighbor-Joining (NJ) phyloge-

netic tree done with the 16S rDNA similarity (%), the

nearest taxon of PSB isolates was identified as B. subtilis

KF279045 for DK1. The evolutionary history was inferred

using the NJ method [30]. The optimal tree with the sum of

branch length as 0.97398246 is shown. The evolutionary

distances were computed using the Kimura 2-parameter

method [31] and are in the units of the number of base

substitutions per site. All positions containing gaps and

missing data were eliminated from the dataset (complete

deletion option). There was a total of 1360 positions in the

final dataset. Phylogenetic analysis was conducted in

MEGA4 [32] (Fig. 3).

Effect of PSB on Plant Growth, P Content in Soil

and P Uptake by Plant

The PSB treatments increased all parameters of D. alata

than control. It significantly (P B 0.05) increased shoot

length by 25 %, root length by 32 %, total number of

leaves by 26 % over control while PSB ? TCP amended

soil showed increase in shoot length by 90 %, root length

by 57 %, total number of leaves by 106 % over control

(Table 2). Inoculation with PSB increased the available P

content of the soil (Table 3). The results were again more

pronounced in the presence of the bacteria than in the

control. Soil with the inoculated bacteria had available P

content 2.67-fold higher than the control. The TCP amen-

ded soil, had available P with an increase of 4.56-fold as

compared to the control. The increase in soil available P,

increased the P uptake by the plants (Table 3). The maxi-

mal increase in P uptake was shown by the plants inocu-

lated with the bacteria ? TCP (58 % in roots and 97 % in

shoots respectively).

HPTLC Studies on Different Samples of D. alata

The method was developed on TLC aluminum plates pre-

coated with silica gel 60F254 using solvent system toluene:

ethyl acetate (7:3 v/v), which gave compact spot for

diosgenin (Rf value 0.56 ± 0.02) (Fig. 4). Densitometric

analysis of diosgenin was carried out in the absorbance

mode at 430 nm after spraying with methanolic sulphuric

acid (Fig. 5). The linear regression analysis data for the

calibration plots (y = 315.3 ? 5.929x) showed good linear

relationship with r = 99.13 for diosgenin with respect to

peak area, in the concentration range of 100–500 ng spot-1

(Fig. 6). The limit of detection (LOD) and limit of quan-

tification (LOQ) for diosgenin were 20 and 60 ng spot-1

respectively (Table 4). Method validation, recovery study

and intra and inter day precision studies by the proposed

HPTLC method were tabulated in Tables 4, 5 and 6. Sta-

tistical analysis proved that the method is repeatable,

selective and accurate for the estimation of diosgenin in D.

alata.

Effect of PSB on Diosgenin Content

Dioscorea plants grown in TCP amended soil, showed

higher diosgenin content than plants grown in soil without

TCP amendment (Fig. 1). The PSB treated plants grown in

Table 1 Morphological and biochemical characterization of isolated

bacteria

Tests Characterization

Cultural character White waxy growth

Gram staining ?

Shape Rod

Indole production test -

Vogus praskaur test ?

Citrate utilization test ?

Catalase test ?

Urease test -

Triple sugar iron test -
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TCP amended soil showed maximum yield of diosgenin

and also the highest increase in the diosgenin content

plant-1. The increase was 1.61-fold diosgenin plant-1 on

the dry weight basis (Table 3).

Diosgenin is traditionally produced by acid hydrolysis

of Dioscorea zingiberensis tubers producing various

byproducts causing serious hazards [33]. Enzymatic sac-

charification and microbial transformation (by

Trichoderma reesei) were used to produce diosgenin from

D. zingiberensis tubers yielding 42.4 % higher diosgenin as

compared to the production from direct bioconversion of

raw tubers [34]. The microbial system was reported as

clean, effective and more environmentally accept-

able method for diosgenin production as compared to the

traditional acid hydrolysis [35]. Moreover, a strain of

Gibberella intermedia WX12 (the sexual stage of

Fig. 5 Overlay spectra of standard diosgenin (kmax 430 nm)

Fig. 4 Chromatogram of

standard diosgenin (1–5), root

(6) and aerial shoot (7)

containing diosgenin (from

down to top)
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Fusarium proliferatum) was used to achieve three times

higher diosgenin production when an optimized conversion

media was applied [36]. The effect of phosphate-solubi-

lizing microorganisms on growth of medicinal plants and

their biosynthesis of specific drugs is poorly known [13,

37]. In the present report, the authors have studied the

effect of PSB on D. alata, grown in different soil condi-

tions (soil alone, soil ? TCP) concerning plant growth and

diosgenin content. The addition of TCP to soil increased

the soil available P, which enhanced plant growth and

increased the content of biochemical constituents. Statis-

tically significant increase was found for plant growth and

diosgenin content in D. alata inoculated with PSB grown in

both soils. The highest stimulatory effects were observed

with a bacterial strain ? TCP, confirming similar results

for terpinene-4-ol inMajorana hortensis L. inoculated with

A. brasiliense ? A. chroococcum ? B. polymyxa as

compared to single inoculations [38]. This may be due to a

more effective dissolution of P [39] and synergistic effects

of PSB on plant roots [40]. Moreover, these bacteria are

also reported as endophytes [41] which efficiently solubi-

lize and assimilate the phosphates [42].

There are a few reports on the influence of microbial

P-solubilizers on Aloe vera. An increase in shoot length,

total leaf length, number of leaves, N and P concentrations

in Aloe plants upon inoculation with Glomus clarum and

Gigaspora decipiens has been reported [43]. Increased

barbaloin content (51.7 %) in A. vera by dual inoculation

with arbuscular mycorrhizal (AM) fungi (Glomus mossae)

and Azotobacter along with rock phosphate in different soil

types has also been reported [12]. Positive correlation was

found between aloin-A biosynthesis and increased P uptake

in plants treated with PSB. The treatment of plants with

individual PSB or mixtures increased available P in soil, P

uptake in plants and plant growth. Increase in aloin-A

content due to higher plant biomass and unit biomass

production was 673, 294, 276, 119 and 108 % in plants

treated with a PSB consortium, P. synxantha, S. marces-

cens, B. gladioli, and E. hormaechei in TCP amended soil

respectively [14]. The stimulatory effect was observed with

consortium treatment in plant growth parameters (shoot

length by 22.5 %; root length by 14.7 %; leaf dry weight

by 89.0 %; stem dry weight by 76.3 % and shoot biomass

by 82.5 %) and glycoside contents (ST, 150 % plant-1 and

R-A, 555 % plant-1) as compared to the uninoculated

plants. Among individual PSB treatments, B. gladioli

10,216 showed most promising response in majority of the

parameters studied [13]. Positive correlation was found

between aloin-A biosynthesis (mg g-1) and increased P

Table 4 Method validation for estimation of diosgenin by HPTLC

S.

No.

Parameters Value

1 Instrument precision (% CV,

n = 10)

0.32

2 Repeatability (% CV, n = 10) 0.54

3 Retention factor (Rf) 0.56

4 Linear regression equation Y = 315.299 ? 5.929 9 X

5 Limit of detection (ng band-1) 20

6 Limit of quantification

(ng band-1)

60

7 Linearity range (ng) 100–500

8 Correlation coefficient 0.991

Fig. 6 Calibration plot for

diosgenin in the 100–500 ng per

spot range
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uptake in plants treated with PSB. Similar observations

have been reported on the effect of PSB on the phenolic

contents of banana plants [44]. The increased P uptake may

have stimulated anabolic pathways of phenolic compounds

as observed in leaves of Salvia officinalis stimulated by P

fertilization [45]. The PSB solubilizes inorganic phos-

phates by several mechanisms, including the production of

(1) organic acids like gluconic, ketogluconic, oxalic, suc-

cinic etc. [46], (2) polysaccharides [47]; and (3) phos-

phatase enzymes such as acid phosphatases [48].

Moreover, B. subtilis induced IAA production and its effect

on sprouting of Dioscorea rotundata has been reported by

Swain et al. [49]. Here, for the first time, stimulation of

growth and diosgenin biosynthesis by a PSB in the D. alata

is being reported suggesting synergistic interactions

between B. subtilis and D. alata.

Conclusion

The present study clearly indicates the potential of P sol-

ubilizers on D. alata plant growth and diosgenin content

under glasshouse conditions. The effect of an inoculation

by a B. subtilis KF279045 was more pronounced than TCP

and untreated soil for all the mentioned parameters in both

soil conditions. This study also shows that increased P

uptake in plants directly correlates with enhanced dios-

genin production. The significant increase in the diosgenin

content of PSB treated plants emphasizes the potential of

an economical and eco-friendly mean of achieving higher

levels of diosgenin. However, further research is needed to

understand the specific mechanisms involved in the posi-

tive effects of PSB on the biosynthesis of diosgenin content

and to verify these results under field conditions.
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