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ABSTRACT

The present study focuses on the isolation of three phosphate solubilizing bacteria (PSB), PSB1, PSB2 and PSB3
from the gut of earthworm Metaphire posthuma. The three stains were identified as Bacillus megaterium (MF
589715), Staphylococcus haemolyticus (MF 589716) and Bacillus licheniformis (MF 589720) through 16 S rRNA
gene sequencing and biochemical characterization. The strains showed resistance to the metals Cu and Zn at
significant concentrations and could solubilize phosphate even in the presence of metals. Maximum phosphate
was solubilized by strain PSB3 with a production of 222 + 2.0mgL ™' soluble phosphate followed by PSB1
(213.7 + 1.3mgL™") and PSB2 (193.5 + 1.5mg L~Y at 96 h of incubation. The strains were able to produce
indole acetic acid (IAA) in presence of L-tryptophan and possessed ammonium ion production potential in the
order PSB3 > PSB1 > PSB2 (P < 0.05). The sterilized seeds of mung beans (Vigna radiata) displayed greater
germination rate and higher growth under bacterium-enriched conditions. The effect on seed germination traits
by the isolated strains followed the order of PSB3 > PSB1 > PSB2 (P < 0.05). Our results suggest that the
three isolated PSB strains from earthworm gut possess intrinsic abilities of growth promotion, metal resistance
and solubilization of phosphate which could be exploited for plant growth promotion and bioremediation even
under metal-stress conditions.

1. Introduction

earthworm, which is the ingestion of soil and litter, can ultimately host
other potential soil biological components “microorganisms” in their

Earthworm is an important zoological group of soil macrofauna that
dominates in the contribution of soil biomass of invertebrates (Liu
et al., 2017). The fundamental role of earthworms in the decomposition
of organic matter and nutrient cycling and its impact on agriculture is
well established (Andriuzzi et al., 2016; A. Singh et al., 2016; P. Singh
et al, 2016; Thomason et al., 2017). The feeding behavior of

guts (Eisenhauer et al., 2012; Ali et al., 2015). These gut-dwelling mi-
crobes play an important role in biogeochemical processes of soil ele-
ments through gut-passage processes, such as producing cast (Sruthy
et al., 2013; Aria and Dominguez, 1998; Clause et al., 2015). Thus, the
earthworms together with the microbiota are responsible for decom-
position and turnover of substances in nature and thereby regulate the
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biogeochemistry of terrestrial soils (Byzov et al., 2015; Arai et al.,
2017). Soil enzymes along with microbial biomass are important bio-
chemical parameters that define biological activities in soils (A. Singh
et al., 2016; P. Singh et al., 2016). Although there are some reports on
earthworm gut epithelium serving as a source of luminal enzyme ac-
tivities (Sanchez-Hernandez et al., 2009), majority of the enzymatic
activities in the earthworm gut are actually originated from the in-
gested, activated microbes, especially those of nitrogen fixing (Hussain
et al., 2016), nitrifying and denitrifying (Horn et al., 2005; Drake and
Horn, 2006), and phosphate solubilizing categories (Hussain et al.,
2016).

Phosphorus (P) plays an important role in plant maturation and is
required for photosynthesis, root establishment, energy transfer, good
flowering, fruit quality etc. (Bhat et al., 2017). Of the various chemical
forms of P, plants take up only negatively charged primary and sec-
ondary orthophosphate ions (H,PO,~ and HPO,>~) as nutrient, but
most of P in nature exists in various organic and inorganic forms. The
insoluble and inaccessible forms of P are hydrolyzed to soluble and
available forms through the process of solubilization of inorganic P and
mineralization of organic P (Koch et al., 2018; Khan et al., 2014). The
insoluble forms of P such as tricalcium phosphate (CasPQ,),, alumi-
nium phosphate (AIPO,), or iron phosphate (Fe;PO,4), may be converted
to soluble P by phosphate-solubilizing microorganisms and enzymes
(e.g. phosphatase, phosphotriesterases) that are present in soils
(Sharma et al., 2013). Such release of P can be performed by earthworm
gut phosphatases and phosphate-solubilizing microbes present in the
gut (Bhat et al., 2017). Some studies suggest that the phosphatase ac-
tivity in the casts was significantly higher than the soil; the major
contribution of this enzyme was the earthworm gut microorganisms
than the epithelium of the gut itself (Vinotha et al., 2000).

Also such P solubilizing microbes exhibit multifunctional activities
that benefits plants by synthesizing siderophores, indole acetic acid
(IAA), and gibberellic acid etc. (Khan et al., 2013). However, in soils
which are contaminated with high levels of metals like copper (Cu)
and/or zinc (Zn), microbial functions and earthworm actions may be
adversely affected resulting in decreased P release (Doelman and
Haanstra, 1989; Wang et al., 2007). In recent years, metal resistant
microbes have been employed because they display a high potential to
alter the metal mobility and bioavailability (Park et al., 2010;
Mohamed and Almaroai, 2017). However, multifunctional micro-
organisms that are capable of P solubilization and are resistant to high
level of metals (e.g. Cu, Zn) should be available in the soil and soil-
inhabiting organisms have rarely been explored. We hypothesize that if
the specific gut resident bacteria of the earthworms are found to be
endowed with unique attributes like phosphate solubilization and metal
resistance they could elucidate earthworm's role in enhancing the soil
fertility and metal remediation. This could establish such gut inhabiting
bacteria as ‘connecting link’ and ‘behind the screen’ role players in
those ecological services. Hence, the present study focuses on the iso-
lation of PSB from the gut of endogeic earthworm Metaphire posthuma,
and investigates their properties as a plant growth promoter and also
their resistance towards metals.

2. Materials and methods
2.1. Source of the earthworm sample

Endogeic geophagous earthworms (Metaphire posthuma) used in this
study were adult with a medium body size (Length: ~10 cm, Diameter:
~5 mm).Earthworms were collected from the garden soil of Kalyani
University campus (22.9862°N, 88.4464°E) and stored in sterile bags
and used for further examination and isolation of bacteria from its gut.

2.2. Isolation of PSB from earthworm gut

The earthworms were surface sterilized with 70% ethanol and
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washed with sterile water. The gut contents were released from the
anterior to the posterior end by aseptically squeezing intact worms. Gut
contents were then stored at 4 °C unless used immediately for the iso-
lation of target bacteria. The isolation of potential PSB was executed
following the pour plate technique using Pikovskaya's agar medium
(dextrose 10g; tri calcium phosphate (TCP) 5g; yeast extract 0.5g;
ammonium sulphate 0.5g; potassium chloride 0.2 g; sodium chloride
0.2 g; magnesium sulphate 0.1g; ferrous sulphate trace; manganese
sulphate trace; agar 15 g; distilled water 1L; the pH was adjusted to
7.0 = 0.2 before sterilization). After 48 h of incubation at 28 + 2 °C,
three bacterial colonies showing discrete hallo zones were isolated and
sub-cultured for further characterization.

2.3. Identification and characterization of PSB

Several biochemical tests of the isolated PSB were carried out for the
identification of strains (Benson, 2015).

The 16S rRNA gene sequencing was performed to identify the
strains (Biswas et al., 2017). To sequence the 16S rRNA gene, genomic
DNA of the bacterial strain was extracted and amplification of 16S
rRNA gene was performed by polymerase chain reaction (PCR). For
PCR bacterial genomic DNA was used as the template and bacterial
universal primers, 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R
(5-GGTTACCTTGTTACGACTT-3") (Lane, 1991). The PCR reaction
mixture (20 pL) contained 60ng templates, 2uL of 10x Taq DNA
polymerase buffer, 1.5 mM MgCl,, 0.6 pL. of ANTP mix (10 mM each),
0.2 L of 5U L.~ ! Taq DNA polymerase and 3.75 pmol primers (each).
The PCR performed (Applied Biosystems Thermo Cycler) with an initial
heat step for 5min at 94 °C followed by 30 cycles of denaturation at
94 °C for 30's, annealing at 58 °C for 45 s, and extension step at 72 °C for
90 s, and final extension at 72 °C for 7 min. Electrophoresis of the PCR
product was done in 1% agarose stained with ethidium bromide and;
1.5 kb band was purified by HiPurA Quick Gel Purification Kit (HiMedia
Laboratories, India). Then the purified 16S rRNA gene was transformed
into JM109 competent E. coli cells using pGEM-T Easy Vector System I
(Promega Corporation, USA). Plasmid DNA was isolated from the
transformed cell by QIAprep Spin Miniprep Kit (Qiagen, Germany) and
was sent for sequencing at Eurofins Genomics, Bengaluru, India. Using
BLAST (Basic local alignment search tool, BLAST at NCBI) 16S rRNA
gene sequence was compared to the GenBank database (http://www.
ncbi.nlm.nih.gov/BLAST/).

2.4. Effect of pH and NaCl on PSB strains isolated

The bacterial isolates were incubated into Luria Bertani (LB)
medium consisting of casein enzymic hydrolysate 10 g; yeast extract
5 g; sodium chloride 10 g and distilled water 1L in order to determine
the optimum pH and salinity tolerance (halotolerance) for those iso-
lates. The pH of the medium was adjusted to obtain different pHs (3.0,
4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, and 12.0) using drops of 0.05 M
HCl or NaOH. In the other case, LB medium was supplemented with
various concentrations of NaCl (0, 2, 4, 6, 8, 10, 12, 14, and 16) %, (w/
v) in order to assess the salinity tolerance of the strains. The experi-
ments were performed in triplicates. Optimal growth in the LB medium
was evaluated by measuring the increase in optical density (OD) at
600 nm with a spectrophotometer (UV-1800 UV-Vis Shimadzu).

2.5. Examining the resistance of PSB strains to metals

The resistance of the isolated PSB strains to Cu and Zn was tested.
Stock solutions (metal concentration 500 mM) of the elements in the
forms of CuSO45H,0 and ZnSO47H,0 were sterilized using 0.45 pm
pre-sterile syringe filter (Millipore filter paper). Further, increasing
concentrations (0.5mM to 8 mM) of the metal salts were added from
the stock solution to sterile nutrient agar (NA) medium (composition:
peptic digest of animal tissue 5 g; beef extract 3 g; sodium chloride 5 g;
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agar 15 g and distilled water 1 L with pH adjusted to 6.8 = 0.2 before
sterilization). Plates were then spot inoculated and incubated at 32 °C
for 2 days. The maximum tolerable concentration (MTC) of Cu and Zn
was designated as the highest concentration of metals that allowed
growth of the organism after 2 days (Srivastava et al., 2012; Jebelli
et al., 2017).

2.6. Estimation of phosphate solubilizing efficiency

The phosphate solubilization potential of selected bacterial isolates
(Chen et al., 2006) was measured in vitro by determining available
soluble phosphate in the Pikovskaya's broth (PKM) supplemented with
0.5% TCP (equivalent to 5000 mg L~ 1). In brief, the broth medium was
inoculated in triplicates with the isolated PSB strains and similar set-up
without culture (uninoculated) was used as control. The flasks were
incubated at 28 = 2°C for 5days on a rotary shaker at 180 rpm. An
aliquot of 3 mL was withdrawn periodically from each culture flask at
24h interval. The samples were centrifuged at 9500 rpm for 10 min.
Phosphomolybdate method was used for determination of available
soluble phosphate in the culture supernatant (Watanabe and Olsen,
1965). The pH of the broth medium was also measured with a digital
pH meter (Hach HQ4d multi) after regular intervals (Paul and Sinha,
2016).

To determine the ability of phosphate solubilization even in the
presence of metals (Cu and Zn) Pikovskaya's broth medium was sup-
plemented with 50mgL~! of Cu and Zn using CuSO,5H,0 and
ZnSO47H,0, and similar individual set-ups without culture (unin-
oculated) and Cu and Zn metal at 50 mg L~ 'concentrations served as
control. This being the minimum tolerable concentration for PSB1 and
PSB2 subjected to metal (Cu and Zn) stress that particular concentration
has been chosen and used to assess how phosphate solubilization po-
tentials of all the three strains perform under such condition. The in-
cubation and the determination of soluble phosphate were performed
following the procedure described above. Here also the experiments
were carried out in triplicates.

2.7. Applicability test of PSB for plant growth promotion

2.7.1. Characterization for indole acetic acid (IAA) production

To determine the amounts of IAA produced by the PSB strains, a
colorimetric technique was performed using the Van Urk Salkowski
reagent (Wahyudi et al., 2011). The isolates were grown in triplicates in
LB medium supplemented with 0, 2 and 5 mg mL ™~ ! of L-tryptophan and
incubated at 32 * 2°C for 12 days. The results were obtained after
6 days and 12 days. The broth was centrifuged at 9500 rpm for 10 min
after incubation and then to 1 mL of the supernatant 2 mL of Salkowski's
reagent (2% 0.5M FeCl; in 35% HClO, solution) was added and the
mixture was incubated in the dark for 30 min. Development of pink
color indicated IAA production which was recorded spectro-
photometrically at 533 nm and measured against the standard curve
with known concentrations of pure IAA (Sigma-Aldrich) purchased.

2.7.2. Determination of ammonium ion concentration in solution

To test the ammonium ion production activity, the bacterial isolates
were inoculated to peptone water (medium: peptone 10g; sodium
chloride 5 g and distilled water 1 L and pH was adjusted to 7.0 = 0.2
before sterilization) and incubated with constant shaking at 140 rpm for
7 days at 30 = 2°C. Uninoculated medium served as control. An ali-
quot of 3 mL was withdrawn periodically from each culture flask at 24 h
interval. The samples were centrifuged at 9500 rpm for 10 min. The
ammonium ion produced was colorimetrically determined by phenol-
hypochlorite method (APHA, 2005). The experiment used triplicate
sets.

2.7.3. Seed germination and early plant growth potential
Seeds of mung beans (Vigna radiata) were surface-sterilized with 2%
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sodium hypochlorite solution for 1 min and washed 5 times in single
distilled water followed by air-drying. The cell pellets of potential PSB
were obtained from the pre-grown culture broth by centrifugation at
9500 rpm for 5min, washed twice with sterile distilled water and the
pellets were resuspended in 1 mL sterile distilled water, vortexed for
20s and used for seed treatment. About twenty sterilized seeds were
treated with 5 mL bacterial suspensions for 10 min, and then seeds were
air-dried and placed on sterilized Petri dishes (9 cm) containing two
layers of moistened filter paper and incubated at room temperature.
Fifteen seeds were placed on the Petri dishes. Triplicates of this treat-
ment were maintained and seeds treated with sterile water (no bacterial
suspensions) were also established. The number of bacterial cells per
seed, determined via serial dilutions, was approximately
108 CFUseed ™. The seeds were incubated in a light incubator. The
germination rate was recorded and the root length, shoot length, fresh
weight and dry weight were also measured after seventh day. The
germination rate and vigor index were calculated according to the
following equations (Islam et al., 2016):

Number of seeds germinated

Germination rate (%) x 100

(€8]
(2)

Total number of seeds

Vigor index = %germination X total plant length

2.8. Statistical analysis

All data obtained were statistically analyzed using SPSS 20.0 (IMB,
USA). Means were compared using a one-way analysis of variance
(ANOVA) test followed by the post-hoc analysis with LSD test. The
degrees of correlation among related factors were determined by re-
gression analysis. The level of statistical significance was accepted at
P < 0.05.

3. Results
3.1. Identification

To characterize the three isolated strains of PSB named strains de-
signated as PSB1, PSB2 and PSB3 several biochemical tests were per-
formed; the strains showed a varied response to different biochemical
tests but the tests were negative for H,S gas production and other gas
productions in all the cases (Table 1).

Thel6S rRNA gene sequencing revealed the proximity of 99% of
PSB1 with Bacillus megaterium strain Amic 4 (KX228234.1), B. mega-
terium strain MP8 (KX298860.1), B. megaterium strain SAl
(KX197921.1). PSB2 showed 100% proximity with Staphylococcus hae-
molyticus strain S4 (KX611317.1), S. haemolyticus strain PAH-3

Table 1

Phenotypic characterization of enteric microbial isolate PSB1, 2, 3 from
earthworm (Metaphire posthuma). The ¢+’ sign indicates positive response while
the ‘-’ sign indicates the negativity.

Characteristics PSB1 PSB2 PSB3

Shape Rod Coccus Rod

Gram character + + +

Indole production - - -

Methyl red - + -

Voges Proskauer - - +

Triple sugar iron Acid slant; Acid slant; no gas;  Acid slant and butt; no
test no gas; no no H,S gas; no HoS

H,S

Starch hydrolysis + - +

Gelatin liquefaction — — - +

Catalase + + +

Citrate utilization + - +

Oxygen Aerobe Facultative Aerotolerant anaerobe
requirement anaerobe
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Fig. 1. Molecular identification of Bacillus megaterium (MF 589715) (PSB1), Staphylococcus haemolyticus (MF 589716) (PSB2) and Bacillus licheniformis (MF 589720)

(PSB3) strains.

(KF543100.1), S. haemolyticus strain SH6 (KF150639.1) and PSB3
showed 99% similarity with B. licheniformis strain DSM 13
(NR_118996.1), B. licheniformis strain NBRC 12200 (NR_113588.1), B.
licheniformis strain BCRC 11702 (NR_116023.1) (Fig. 1).

The 16S rRNA gene sequence of strains isolated was submitted to
Gene Bank under accession numbers MF 589715 for PSB1, MF 589716
for PSB2 and MF 589720 for PSB3.

3.2. pH and NaCl tolerance

For all the three strains, the optimum pH for attaining the maximum
growth was 7. However, the organisms could also grow in a range of pH
from 5 to 10. Among the strains, PSB1 could tolerate slightly higher
alkalinity (pH = 8-10) than that for other strains (LSD test; P < 0.05).
The potential PSB strains tolerated upto 8% of NaCl in the culture
media. For all the strains the maximum growth was observed at 2%
NaCl concentration (Fig. 2). However, PSB3 could tolerate compara-
tively less salinity. Complete growth inhibition of all strains occurred at
10% of NaCl (P < 0.05).

3.3. Resistance of PSB strains to Cu and Zn

The isolated strains could tolerate varying concentrations of Cu and
Zn. The maximum tolerable concentration (MTC) of PSB1 was 2 mM for
Cu and Zn. On the other hand, PSB2 and PSB3 could tolerate Cu sig-
nificantly higher (MTC = 6 mM for both); however, in the case of Zn,
these two strains responded differently as MTC was 2 for PSB2 and 5 for
PSB3.

3.4. Estimation of phosphate solubilizing efficiency

The phosphate solubilizing efficiency of isolated strains in
Pikovskaya's broth indicated that the strains efficiently solubilized in-
organic phosphate in the medium containing tri-calcium phosphate. In
the broth of all the three strains, the concentrations of solubilized
phosphate increased gradually from 24 h to 96 h and almost stabilized
after that. The phosphate was solubilized at its maximum at 96 h in-
cubation in all treatments with and without metal solutions resulting in
the order of PSB3 > PSB1 > PSB2 (LSD test; P < 0.05; Fig. 3a). For
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instance, PSB3 produced 222 * 2.0mgL~' soluble phosphate fol-
lowed by PSB1 (213.7 + 1.3mgL~ ') and PSB2 (193.5 + 1.5mgL ")
at 96 h incubation.

Solubilization of phosphate was also observed in the presence of Cu
and Zn but the solubilization efficiency of the strains was less than that
of the medium without Cu and Zn. In the presence of Cu, the solubili-
zation followed the order PSB2 > PSB3 > PSB1 (LSD test; P < 0.05).
PSB2 produced 162.6 = 2.4mgL~" soluble phosphate followed by
153.2 = 2.8mgL~! and 135.9 * 0.01 mgL ™' soluble phosphate by
PSB3 and PSBI1 respectively at 96 h incubation. In the presence of Zn,
PSB3 produced maximum soluble phosphate of 156.8 + 1.2mgL™!
followed by PSB1 and PSB2 producing 138 = 0.9mgL™' and
136.8 + 1.1 mgL ™! soluble phosphate respectively at 96 h incubation.

In liquid medium, the solubilization of tri-calcium phosphate by the
isolated strains was accompanied by a significant decline in pH of the
culture supernatant in case of both metal and nonmetal medium from
an initial pH of 7.0 = 0.2. Maximum pH drop of 3.7 * 0.1 was ob-
served for PSB3 followed by 4.3 = 0.25 and 5.2 *= 0.01 for PSB1 and
PSB2 respectively in the absence of Cu and Zn solutions at 96 h in-
cubation. In the presence of Cu, pH declined from 7.0 to 5.5 * 0.05,
5.6 = 0.1and 5.7 = 0.1 for PSB2, PSB1 and PSB3, respectively at 96 h
incubation. In the presence of Zn, pH declined from 7.0 to 4.8 = 0.1
for PSB3, from 7.0 to 5.4 + 0.1 for PSB1 and from 7.0 to 5.4 + 0.05
for PSB2, at 96 h incubation (Fig. 3b).

3.5. Characterization for IAA production

The IAA production for all the three strains was directly propor-
tional to the i-tryptophan concentration under different incubation
period (R2=0.995 and 0.984), and their incubation period
(R? = 0.922 and 0.996) at different concentrations (Table 2) while no
IAA was produced in the absence of i-tryptophan. In all the cases the
production of IAA was better for 5mg mL ™! 1-tryptophan after 12 days
incubation rather than at 2mgmL~"! and 6days incubation. PSB2
produced less amount of IAA (26.65 = 1.4ugmL~ ' IAA at 5mgmL~!
L-tryptophan after 12 days of incubation) as compared to PSB1 and
PSB3; PSB3 produced maximum IAA among the three isolates, with
41.43 + 0.6pugmL~"' IAA at 5mgmL~" i-tryptophan concentration
after 12 days of incubation. PSB1 produced 38.56 + 0.6 ugmL~! IAA
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Fig. 2. Effect of pH (a) and NacCl (b) on Bacillus megaterium (PSB1), Staphylococcus haemolyticus (PSB2), Bacillus licheniformis (PSB3) strains.

at 5mgmL ™! L-tryptophan concentration after 12 days of incubation.

3.6. Ammonium ion production

The production of ammonium ion increased with an increase in
incubation period. Ammonium ion production potential was in the
order of PSB3 > PSB1 > PSB2 (LSD test; P < 0.05). PSB3 produced
253mgL~", PSB1 produced 238mgL~' and PSB2 produced
176 mg L~ ! ammonium ion after 7 days of incubation. The production
of ammonium ion reached its saturation point after 4 days of incubation
(Fig. 4).
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3.7. Seed germination

The treatment of bacterial strains on Vigna radiata seeds had a sig-
nificant effect (P < 0.05) on the germination rate, vigor index, root
length, shoot length, fresh weight and dry weight as compared to those
of the control. However, these effects of potential PSB varied depending
on the isolates. In all the germination and growth indices, there ap-
peared significant differences among the impact of isolated strains on
seed germination in the order: PSB3 > PSB1 > PSB2 (P < 0.05;
Table 3).

——Contro
(b) Control
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Fig. 3. Phosphate solubilization by Bacillus megaterium (PSB1), Staphylococcus haemolyticus (PSB2), Bacillus licheniformis (PSB3) strains (a) phosphate solubilization in
presence and absence of Cu and Zn (b) decline in pH after solubilization in presence and absence of Cu and Zn.
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Table 2

IAA production by bacterial isolates PSB1, 2 and 3 in presence of L-tryptophan.
The numerical values represent means of replicates + standard deviations. The
different letters in superscript (a, b, c) indicate the significant difference at 95%
level of confidence, based on LSD test in ANOVA.

Organism L-Tryptophan (mgmL ') IAA production (ugmL™")
6 days 12 days
PSB1 2 14.61 = 1.5° 28.89 + 1.0
5 18.86 + 1.4° 38.56 + 0.6"
PSB2 2 8.97 + 1.0¢ 22.93 + 2¢
5 1271 = 1.3° 26.65 = 1.4°
PSB3 2 16.5 = 1.5% 31.87 + 2°
5 19.37 + 1.4° 41.43 = 0.6*
-©-Control
-A-PSB1
300 - -5-PSB2
—-PSB3

200 4

150 A

NH,* (mg L)

100 -

50 1

48 72 96 120 144

Incubation period (h)

Fig. 4. Ammonia production potentials of Bacillus megaterium (PSB1),
Staphylococcus haemolyticus (PSB2), Bacillus licheniformis (PSB3) strains.

4. Discussion

Earthworms are considered as natural bioreactors where micro-
organisms proliferate and provide favorable conditions for mineraliza-
tion (Rorat et al., 2017). Earthworm passes comminuted organic matter
through their gut, thereby increasing the surface area for the gut as-
sociated microbes and their digestive enzymes to act upon the matter
which finally leaves the gut in partially digested form as ‘casts’
(Lazcano et al., 2008). The earthworm casts are known to be enriched
in base exchangeable phosphorus, potassium, and total exchangeable
calcium that enhance soil fertility. The release of P is performed by
phosphatases and phosphate-solubilizing microbes which have been
reported to have their enteric origin in the earthworms (Bhat et al.,
2017). The present study has successfully isolated three PSB strains
namely, Bacillus megaterium (MF 589715), Staphylococcus haemolyticus
(MF 589716) and Bacillus licheniformis (MF 589720) from the gut of

Table 3

endogeic earthworm Metaphire posthuma, and assessed their potential in
plant growth promotion under metal-free and metal-contaminated
conditions. The presence of related bacteria, such as Bacillus sp. and
Staphylococcus sp. was also reported in the gut of earthworms (Pathma
and Sakthivel, 2012). Although the optimum growth conditions for the
three strains were not different (pH = 7.0, salinity ~2% NaCl), the
Bacillus strains (PSB3 and PSB1) could solubilize higher amount of
phosphate than Staphylococcus strain (PSB2). The phosphate solubi-
lizing efficiency by Bacillus sp. has also been reported elsewhere
(Mohamed and Almaroai, 2017). With regard to the incubation time
required for maximum P solubilization (Fig. 3a), the result in the pre-
sent work were in conformity with other reports where maximum
phosphate solubilization efficiency of isolated Bacillus sp. was at 96 h
incubation (Banerjee et al., 2010). This might be due to the cellular
growth of the strains that reached its exponential phase. It was also
observed that phosphate solubilization was directly related to the drop
in pH as reported in Pseudomonas aeruginosa as well as fungus Tricho-
derma sp. (Kapri and Tewari, 2010; Paul and Sinha, 2016). In the above
study, the acidification of the culture supernatants clearly indicates that
the involvement of low molar mass organic acids secreted by micro-
organisms is the principal cause of phosphate solubilization (Khan
et al., 2013). Various organic acids like gluconic acid, 2-ketogluconic
acid, lactic acid, isovaleric acid, isobutyric acid, acetic acid, oxalic acid,
citric acid etc. produced by phosphate solubilizing bacteria enhances
solubilization of insoluble phosphates (Ma et al., 2009).

The phosphate solubilization potential of the studied bacteria in
presence of Cu and Zn is further supported by the semi-quantitative
index as “tolerable metal concentration” that the bacterial isolates
could resist the direct exposure of Cu and Zn (Section 3.3.). There are
reports on the decrease in phosphate solubilization in presence of me-
tals (Paul and Sinha, 2016). The toxicity of metals towards the gut
isolates under metal stress condition might be responsible for the de-
crease in phosphate solubilization (Onyia et al., 2014). Decrease in
phosphate solubilization was not due to the precipitation of phosphate
with metal ions, since there was no change in the uninoculated control
PKM medium supplemented with metals Cu and Zn. However, the
metal resistant capacity (2-6 mM of Cu and Zn) of the isolated strains
observed in this study could certainly be beneficial to soil productivity
in soil environment contaminated with Cu and Zn. As obtained in this
case, Bacillus sp. offered potential in metal remediation and plant
growth promotion, which was supported by other metal-resisting Ba-
cillus spp. in soils (Zaidi et al., 2006; Rajkumar et al., 2008). Recently,
the use of metal resistant bacteria in soils has received greater attention
since bacteria affect mobility of toxic elements and their uptake by
plants through various reactions such as metal biosorption, oxidation/
reduction and metal-ligand complexation etc. (Mohamed and Almaroai,
2017).

There are also various mechanisms proposed for the phosphate in-
duced immobilization of metals, which include direct metal adsorption
by P compounds, phosphate anion-induced metal adsorption, direct
precipitation of metals with P adsorption by P compounds, direct pre-
cipitation of metals with P in solution as metal phosphates precipitation
through the liming action of rock phosphate, and rhizosphere

Effect of enteric bacterial isolates PSB1, 2 and 3 on Vigna radiata seed germination. The numerical values represent means of replicates = standard deviations. Means
of replicates (n = 3) * standard deviations. The different letters in superscript (a, b, c) indicate the significant difference at 95% level of confidence, based on LSD

test in ANOVA.

Seed germination parameters Unit Control PSB1 PSB2 PSB3
Germination rate % 85 + 5¢ 100 + 2 95 + 5° 100 = 3°
Vigor index % 635.2 = 13.3¢ 1188.5 = 48° 1100 + 36° 1298 + 23°
Average root length cm 4.8 + 0.15° 7.9 = 0.39" 7.9 = 0.3° 8.4 = 0.2°
Average shoot length cm 2.3 + 0.42¢ 4.2 + 0.05° 3.7 + 0.05° 4.6 + 0.025°
Fresh weight g 4.7 + 0.16¢ 9.9 + 0.18° 9.4 + 0.43° 11.51 + 0.18%
Dry weight g 0.52 * 0.01° 1.11 + 0.43° 1.02 + 0.023° 1.14 + 0.016"
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modification through acidification and mycorrhizal association (Park
et al., 2010).

In addition to the metal-tolerance capacity, the isolates also showed
plant growth-promoting functions (Table 3). For instance, the effect of
PSB on seed germination of Vigna radiata was, in accordance to the
other indices, higher than without any isolates. One of the most com-
monly reported mechanisms of improved seed germination is the pro-
duction of phytohormones such as IAA (Patten and Glick, 2002). En-
hanced seed germination in the presence of IAA producing bacteria has
also been observed (Islam et al., 2016). The IAA production test in the
present study, confirmed that the production of IAA was tryptophan
dependent (Table 2). 1-Tryptophan being the precursor for IAA pro-
duction has been used here to examine the effects of L-tryptophan on
IAA production by the isolated strains. The isolated strains showed
tryptophan dependent IAA production. IAA producing microorganisms
can increase root growth and root length of plants by stimulating plant
cell elongation or effecting cell division, which constitutes a greater
root surface area that enables the plant to get more nutrients from the
soil (Davies, 2010; Glick, 2012).The ability of Bacillus sp. and Staphy-
lococcus sp. in IAA production has also been reported in the literature
(Kayastha et al., 2013; Rajkumar et al., 2013; Orhana, 2016; Alibrandi
et al.,, 2017). The increase in the amount of IAA in the presence of
tryptophan in the medium is in agreement with other reports where
keratinolytic Stenotrophomonas maltophilia and Bacillus subtilis showed a
similar response (Tamreihao et al., 2017). Kadyan et al. (2013) also
isolated IAA-producing bacterial strains from rhizospheric soil and re-
ported that those isolates were Jeotgalibacillus sp., T. saccharophilus, T.
goriensis, B. megaterium, B. simplex and B. aryabhattai. Nitrogen and
nitrogen-containing compounds play an essential role for the growth of
plants (Orhana, 2016). Ammonia is taken up by plants as nitrogen
source. In general, soluble phosphates and ammonia directly support
plant growth as they act as macro-nutrients (Bhattacharyya and Jha,
2012). Here also all the three strains (PSB1, PSB2, and PSB3) isolated
from the gut of the earthworm were able to produce ammonia with
increasing incubation period (4-7 days) (Fig. 4). Similar to the perfor-
mance for the other tests (e.g. phosphate-solubilization, metal toler-
ance, and IAA production) conducted in the present study, Bacillus
strains (PSB3 and PSB1) were more potent in ammonia production than
Staphylococcus (PSB2). The production of ammonia by these bacteria
could also be an important trait within the properties of plant growth
promotion (Ahmad et al., 2008; A. Singh et al., 2016; P. Singh et al.,
2016). Reports also suggested that several stains of Oceanobacillus sp.,
Halomonas sp., Exiguobacterium sp., Zhihengliuella sp. and Bacillus sp.
isolated from coastal soil could be ammonia producing bacteria
(Siddikee et al., 2010). In this study, the 16S rRNA-based identification
revealed that two Bacillus sp. and one Staphylococcus sp. had a high
potential for ammonium and ammonia production that supported the
growth of a model plant (Vigna radiata); the potentials of these two
groups of bacteria have also been reported by Orhana (2016).

5. Conclusions

In the present study, we isolated potent PSB from the gut of an
endogeic earthworm Metaphire posthuma. The isolated Bacillus mega-
terium (MF 589715), Staphylococcus haemolyticus (MF 589716) and
Bacillus licheniformis (MF 589720) strains showed promising results
towards seed germination and plant growth promoting potentials like
IAA production, phosphate solubilization, and ammonium ion produc-
tion. The ability of the strains to resist metals Cu and Zn and also their
ability to solubilize phosphate in the presence of these metals show
their potential to be used as a plant growth promoter under environ-
mental stress conditions. Among the identified strains Bacillus sp. (PSB3
and PSB1) showed significantly higher performance than the
Staphylococcus sp. This bench scale findings would contribute sig-
nificant insights for the use of integration of earthworm and associated
bacteria as the powerful biofertilizer in the sustainable crop production.
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Future studies can also be focused on the beneficial effects of these
strains under long-term field conditions and with the adverse and
changing environmental conditions, such in the presence of multiple
emerging contaminants in the soils.
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