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Abstract

The study aimed to identify an effective phosphate-solubilizing and organochlorine pesticide-tolerant bacterial strain(s). A total
of 50 phosphate-solubilizing bacterial (PSB) strains were isolated from pesticide-stressed soil. Ten isolates showing higher
solubilization were selected for organochlorine pesticides (endosulfan, aldrin, and lindane) tolerance. The strain IITISM08
showed the maximum potential of phosphorous solubilization in Pikovaskya agar medium (solubilization index =3.2) and in
broth medium (348 =2 pg mL™") and tolerated up to 250 ug mL™" of organochlorine pesticides. During phosphorous solubili-
zation, the presence of functional group and organic acid production were also observed using FT-IR and HPLC. The plant
growth-promoting (PGP) traits of the strain IITISMOS was highly inhibited in presence of endosulfan among the three
organochlroine pesticides. The strain IITISM08 degraded aldrin (79%), lindane (68%), and endosulfan (51%) at a concentration
of 50 pg mL™". The strain IITISMO08 was identified using 16S rDNA gene sequencing as Paenibacillus sp. (IITISM08). The
study revealed that the strain IITISMO8 can be used as PGP candidate even under organochlorine pesticide-stressed condition.

Keywords Phosphorous-solubilizing bacteria - Organochlorine pesticides - Plant growth-promoting traits - Pesticide-resistant
bacteria - Rhizospheric soil

Introduction

Phosphorous (P) is a vital nutrient required for the growth and
development of plants (Illmer and Schimmer 1992). The P avail-
able in the soil is lesser than 1 umol L™" due to the low solubility
of mineral P and constant fixation of available P as iron and
aluminum phosphates in acidic soils and calcium phosphates in
alkaline soils (Goldstein 1986; Rajasankar et al. 2013). Some
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microorganisms are known to be involved in the conversion of
insoluble form of P to a form accessible to plants, like orthophos-
phate. These phosphate-solubilizing microorganisms (PSB) play
an important role in increasing the growth and yield of crop
plants (Hariprasad and Niranjana 2009).

P solubilization by the PSB is mediated through their abil-
ity to decrease the pH of the medium, either by releasing
organic acids or protons (Rajasankar et al. 2013). The organic
acids secreted can either chelate iron and aluminum ions as-
sociated with phosphate or dissolve the mineral phosphate as a
result of anion exchange (Bajpai and Rao 1971). Finally, the
mineral phosphate is solubilized into soluble monobasic
(H,PO,) and dibasic (HPO,>") ions by the process known as
mineral phosphate solubilization. This leads to an increase in
the available P to plants and in turn its uptake by plants
(Gyaneshwar et al. 2002). Solubilization of the insoluble P
by the rhizospheric soil bacteria have been reported in number
of studies like, Aneurinibacillus aneurinilyticus strain
CKMV1 (Chauhan et al. 2017), Burkholderia and
Alcaligenes (Pande et al. 2017), Bacillus, Pseudomonas,
Micrococcus, Staphylococcus, Microbacterium and Delftia
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(Panda et al. 2016), Pseudomonas rhizosphaerae (Kwak et al.
2015), Pantoea ananatis (M36), Rahnella aquatilis (M100)
and Enterobacter sp. (M183) (Bakhshandeh et al. 2014),
Enterobacter (Hwangbo et al. 2003), Azospirillum
(Rodriguez et al. 2004), Pantoea (Son et al. 2006), Serratia
(Hameeda et al. 2008), and Pseudomonas (Park et al. 2009;
Vyas and Gulati 2009; Ahemad and Khan 2012).

Organochlorine pesticides are semivolatile organic
compounds of global concern (Ali et al. 2014). The main
reasons for environmental contamination by organochlo-
rine pesticides are their long time use and their physical
and chemical persistence in the natural environment
(Mishra and Sharma 2011). However, increased use of
both the organochlorine and organophosphorous pesti-
cides may affect the PSB, which are valuable plant
growth-promoting rhizobacteria (PGPR) of soil (Tripti
and Kumar 2015; Ramani 2011). PGPR can affect growth
and development of plant by several mechanisms such as
biological nitrogen fixation, solubilization of phospho-
rous, production of plant hormones, iron sequestration
by siderophores, and by decreasing the inhibitory effects
of various pathogens in the forms of biocontrol agent
(Rani and Kumar 2017; Glick 1995). Recently, few stud-
ies had reported the effect of pesticides on the bacterial
growth and their role in P solubilization (Ramani 2011;
Ahemad and Khan 2011, 2012).

In the present study, P-solubilizing and organochlorine
pesticide-tolerating Paenibacillus sp. strain IITISMO08 was
isolated from rhizospheric soil of Solanum lycopersicum and
Brassica compestris and its PGP traits were studied in the
presence of varying concentrations of organochlorine
pesticides (endosulfan, aldrin, and lindane). Furthermore,
this is a significant study that illustrates the effect of
organochlorine pesticides on the qualitative production of
organic acids during P solubilization.

Materials and methods
Isolation and screening of PSB

Rhizospheric soil of S. lycopersicum and B. compestris,
grown in pesticide-stressed agricultural fields of Dhanbad,
India, were collected using sterile polypropylene zipper bags,
thoroughly mixed, and transferred to the laboratory. The sam-
ples were stored at 4 °C for further analyses.

The PSB was isolated from the soil samples (10 g each)
using serial dilution assay, carried out in 0.9% NaCl solution,
and 10 pL of the diluted suspension was spread plated on
Pikovskaya (PKV) agar medium (Pikovskaya 1948). The
plates were incubated for 7 days at 28 =2 °C in a bacteriolog-
ical incubator (CIS-24 Plus, REMI). The colonies with clear
halo zones were considered as P solubilisers. The halo zone

formed was measured as solubilization index determined by
the following formula:

SI = total diameter (colony diameter 4+ halo zone diameter)colony diameter

For the quantitative measurement of P solubilization, the
inoculum was prepared by inoculating pure PSB strains in
100 mL of nutrient broth (Himedia, India) and incubated at
28 £2 °C for 48 h. The inoculum was centrifuged at
10,000 rpm for 20 min, washed twice with sterilized dH,O,
and resuspended in sterilized dH,O such that the suspension
contained 10® cells mL™! (at 660 nm) (Ramani 2011). Briefly,
100 mL of PKV broth was inoculated with 1 mL of bacterial
inoculum and incubated at 28 +2 °C for 6 days with intermit-
tent shaking. The culture broth (10 mL) was collected and
centrifuged at 10,000 rpm for 20 min. Then, 2.5 mL of
Barton’s reagent was added to 10 mL of supernatant and the
final volume was made up to 50 mL. The absorbance of the
solution was read in a UV-Visible spectrophotometer (UV
1800, Shimadzu) at 430 nm and the amount of P solubilization
was measured (Subba Rao 1982). Bacterial isolates showing
substantially greater P solubilization on PKV (solid and broth)
media were selected for further studies.

Pesticide tolerance

The selected bacterial strains were tested for tolerance to organ-
ochlorine pesticides (Dr. Ehrenstorfer, Germany) (Table 1) by an
agar plate dilution method using minimal salt agar medium
(g L' KH,PO, 1, K,HPO, 1, NH,NO; 1, MgSO,.7H,0 0.2,
CaCl, 2H,0 0.02, FeSO,47H,0 0.2, CaCl, 2H,0 0.01, pH 6.5).
The freshly prepared agar plates were amended separately with
varying concentrations (50, 100, 150, 200, 250, and
300 pg mLfl) of endosulfan, aldrin, and lindane. Plates were
spot inoculated with five 10-fold dilution of 10 puL of
10® cells mL™" of bacterial strains. Plates were incubated at 28

+2 °C for 72 h. The maximum concentration of organochlorine
pesticides supporting bacterial growth was defined as the maxi-
mum tolerance level (MTL).

Bioassays of PGP traits

Among 10 bacterial isolates, bacterial strain showing higher
MTL values and P solubilization was assayed for PGP traits in
the presence of organochlorine pesticides (endosulfan, aldrin,
and lindane) at different concentrations (50, 100, and
150 pg mL™).

Bioassay of phosphate solubilization
under organochlorine pesticides stress

Solubilization of phosphate by selected bacterial strain was
studied qualitatively and quantitatively in the presence and
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Table 1 Pesticides used in the study

Pesticides Grade (purity) (%) Chemical name Chemical family Molecular formula

Endosulfan 99.0 6,7,8,9,10,10-Hexachloro-1,5,5a,6,9,9a—hexahydro-6, Organochlorine CoHgC1605S
9-methano-2,4,3-benzodioxathiepine-3-oxide

Aldrin 99.0 1,2,3,4,10,10-Hexachloro-1,4,4a,5,8,8a-hexahydro-1,4:5, Organochlorine C,HgCjg
8-dimethanonaphthalene

Lindane 99.0 (11,2R,38S,4r,5R,6S)-1,2,3 ,4,5,6-hexachlorocyclohexane Organochlorine C¢HeCg

absence of organochlorine pesticides. For qualitative analysis,
10 puL of inoculum was inoculated in PKV agar medium sup-
plemented with different concentrations of organochlorine
pesticides (50, 100, and 150 pg mLfl) and incubated at 28
+2 °C for 7 days (Jeenie and Khana 2011). A halo zone
formed around the bacterial strain was measured as solubili-
zation index.

For the quantitative measurement of P solubilization, dif-
ferent concentrations of organochlorine pesticides (50, 100,
and 150 ug mL™") were added separately to the 100-mL
PKV broth inoculated with 1 mL of 10® cells mL ™" of bacterial
culture and incubated at 28 = 2 °C with intermittent shaking at
120 rpm. The available P was measured in the bacterial super-
natant on the 3rd, 6th, 9th, and 12th day. The change in pH
following phosphate solubilization was also recorded.

Screening of bacterial supernatant for organic acids
by FT-IR and HPLC analysis

Screening of bacterial supernatant of PKV broth to test the
type of organic acids produced during P solubilization in the
presence and absence of organochlorine pesticides were ana-
lyzed using FT-IR. After 9 days, the PKV culture broth was
centrifuged (10,000 rpm, 20 min) and the clear supernatant
were finely ground with 300 mg of KBr using a pestle and
mortar. The homogenized mixture was placed into a stainless
steel holder and was made into pellets by applying pressure
ranging from 7500 to 1500 cm 2 for 3 min. The infrared spec-
trum of each sample was recorded using ATR-FT-IR (Agilent)
equipped with MCT detector and temperature control mecha-
nism. High energy ceramic light source was employed and the
acquisition parameters were within the range of 4000—
400 cm™ ' at a resolution of 4 cm ! (Rajasankar et al. 2013).
The qualitative production of organic acids in the presence
and absence of the organochlorine pesticides were validated
by using HPLC. After 9 days of incubation, the broth was
harvested and centrifuged at 10,000 rpm for 10 min. The su-
pernatants were filtered through a 0.22 pum filter (Millipore)
and the filtrate was injected to HPLC (Dionex UHPLC
Ultimate 3000) equipped with UV detector (210 nm) and
C18 column (dim. 150 mm x 3 mm, particle size. 6 pm,
Thermo Scientific). The chromatograms were developed
using a mobile phase consisting of 50 mM KH,PO, moving
at a constant flow rate of 0.7 mL min "' in isocratic mode. The
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retention time of each signal was recorded at a wavelength of
210 nm (Rajasankar et al. 2013).

Bioassay of indole-3-acetic acid (IAA), ammonia, hydro-
gen cyanide (HCN), siderophore, and exo-polysaccharides
(EPS) production under organochlorine pesticide stress. An
Erlenmeyer flask containing 100 mL of Luria Bertini (LB)
broth supplemented with 100 pug mL™" of tryptophan and
different concentration of organochlorine pesticides was inoc-
ulated with 1 mL of inoculum containing 10® cells mL™" for
quantitative assay of IAA. IAA concentration was measured
by the method of Gordon and Weber (1951), later modified by
Brick et al. (1991).

For the production of ammonia, bacterial culture was inoc-
ulated in peptone water supplemented with organochlorine
pesticides. After incubation, 1 mL of Nesseler’s reagent was
added to each flask. Development of yellow color indicated
ammonia production (Dye 1962).

Production of HCN by bacterial strain was detected
by the method of Bakker and Schipper (1987) using
HCN induction medium plate. The plates were sealed
with parafilm and incubated for 4 days at 28+2 °C.
Change of color of the filter paper from orange to red
indicated HCN production.

Siderophore production [salicylic acid (SA) and 2,3-
dihydroxybenzoic acid (DHBA)] by the bacterial strain was
measured using chrome azurol S (CAS) agar medium
(Himedia, India) and Modi medium supplemented with organ-
ochlorine pesticides following the method of Alexander and
Zuberer (1991) and Reeves et al. (1983), respectively.

Production of EPS was determined using LB broth follow-
ing the method of Mody et al. (1989). EPS was extracted by
adding three volumes of chilled acetone to one volume of
supernatant. The precipitated EPS was repeatedly washed
three times alternatively with dH,O and acetone, transferred
to a filter paper, and weighed after overnight drying.

Degradation of organochlorine pesticides by selected
isolate

The degradation potential of bacterial strain IITISMOS
was determined under optimized conditions (pH=7,
temperature =30 °C and inoculum volume of 600 puL
of 10® cells mL™") in Erlenmeyer flasks containing
100 mL of non sulfur medium (NSM) broth
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(Sutherland et al. 2000) supplemented with organochlo-
rine pesticides at different concentrations (50, 100, and
150 ug mL™"). Uninoculated NSM broth containing pes-
ticides was also incubated under similar condition to
check the abiotic degradation of pesticides (Rani and
Kumar 2017). Extraction of endosulfan from NSM broth
samples was carried out as described by Kumar et al.
(2007). The concentration of organochlorine pesticides
was measured by gas chromatography.

Morphological and biochemical characteristics

The bacterial strain was preliminarily identified by morpho-
logical and biochemical test. These tests were performed using
standard methods outlined in Bergey’s Manual of
Determinative Bacteriology (Holt et al. 1994).

Molecular identification and phylogenetic analysis

The bacterial strain was further identified by using 16S rDNA
gene sequencing. Genomic DNA of the bacterial strain was iso-
lated using the Insta Gene™ Matrix Genomic DNA isolation kit.
For this, pure bacterial isolate was picked and suspended in
0.5 mL of sterilized saline and centrifuged for 10 min at
10,000 rpm. The pellet was suspended in 0.5 mL of Insta-Gene
Matrix (Bio-Rad, USA), incubated at 56 °C for 30 min, and
finally heated at 100 °C for 10 min. After heating, the supernatant
was used for polymerase chain reaction (PCR). Template DNA
(1 mL) and PCR solution consisted of 5 puL 10x buffer (with
Mg*"), 8 uL dNTP mixture (1.25 mM each) and 0.5 L of each
primer was prepared and subjected for amplification.
Amplification was performed for 35 PCR cycles with denatur-
ation at 94 °C for 45 s, annealing at 55 °C for 60 s, and extension
at 72 °C for 60 s using the genomic DNA as template and
bacterial primers 27F (5-AGAGTTTGATCMTGGCTCAG-3")
and 1492R (5-TACGGYTACCTTGTTACGACTT-3'). The
amplified DNA of approximately 1500 bp was purified by re-
moving unincorporated PCR primers and deoxyribonucleoside
triphosphates (ANTPs) by using a Montage PCR Cleanup kit
(Millipore). The purified PCR products were sequenced using
ABI PRISM® BigDyeTM Terminator Cycle Sequencing Kits
with AmpliTag® DNA polymerase (FS enzyme). Sequencing
products were resolved on an Applied BioSystems-3730XL, an
automated DNA sequencing system (Applied BioSystems).

All samples were analyzed in triplicates. Both the negative
(distilled water + all PCR components) and positive (a DNA
template + all PCR components) controls were included in
each run. The 16S rDNA sequence obtained was compared
against the sequence available from Gene bank using the
NCBI Blast program for gene homology. A phylogenetic tree
was constructed by a neighbor joining method using the
MEGA 7 software.

Statistical analysis

All the experiments were conducted in triplicate, and mean
values were used in the analysis of data. One-way analysis of
variance (ANOVA) was performed to compare the mean value
of the different treatments. The significant differences be-
tween the mean values (p < 0.05) were observed by Tukey’s
test and Duncan’s multiple range test. All statistical analyses
were performed using SPSS version 21.0.

Results
Isolation of PSB strains

A total of 50 PSB strains were initially isolated on the basis of
zone formation around the colonies on PK'V agar plate. Out of
50, 10 strains showing higher solubilization index (SI>2.5)
were selected for quantitative assay in PK'V broth medium and
organochlorine pesticides tolerance.

Organochlorine pesticides tolerance

Among 10 isolates, strain IITISM08 was assayed for PGP
traits due to its maximum capability of phosphorous solubili-
zation in PK'V agar medium (SI = 3.2) and broth medium (348
+2 pg mL™") and showed higher tolerance of endosulfan,
aldrin, and lindane (up to 250 ug mL™") (Table 2).

Bioassay for PGP traits

In this study, strain IITISMOS displayed PGP traits (phosphate
solubilization, IAA, ammonia, HCN, siderophores, and EPS
production) when tested both in the absence and presence of
endosulfan, aldrin, and lindane.

The phosphate-solubilizing potential of strain IITISMO08 in
the presence of varying concentrations of organochlorine pesti-
cides was assessed both qualitatively and quantitatively using
PKV medium (Table 3). When the concentration of each pesti-
cide was increased from 50 to 150 ug mL™', the halo zone
showing phosphate-solubilizing potency decreased considerably.
The maximum zone was found at 50 pg mL " concentration, in
order of lindane > aldrin > endosulfan. At 150 pg mL ™" concen-
tration, the most adverse effect on halo formation in order of
endosulfan > aldrin > lindane was observed.

Also, the amount of phosphate solubilization in PKV
broth medium decreases with increase in concentration of
each pesticides from 50 to 150 ug mL~'. Among all pes-
ticides, the highest adverse effect was shown by endosul-
fan on day 12 which decreases phosphorous-solubilizing
activity of strain IITISM08 by 75, 77, and 96% at a con-
centration of 50, 100, and 150 pg mL_l, respectively,
over control. In 50 pg mL™' concentration, lindane added
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Table 2 Screening details of

phosphate solubilizing and Strains SI* P-liberated in broth assay® (ug mL ™) MTL (ug mL ™)

organochlorine pesticide

tolerance level of selected isolates Endosulfan Aldrin Lindane
IITISMO3 2.9 296+ 1.5 150 150 200
NITISMOS 32 348 £2.0 250 250 250
NITISM17 3.0 30515 150 150 250
NITISM21 2.5 250 +3.0 150 150 150
NITISM25 2.6 271+£2.0 150 150 150
NITISM29 2.7 287 +£2.5 150 200 200
NITISM30 3.1 313+ 1.1 100 150 150
IITISM34 3.0 300+ 1.5 150 250 150
IITISM42 3.1 322+£2.0 150 200 200
IITISM49 2.8 284 +3.0 150 150 200

Values are in mean+SD (n=3)

MTL maximum tolerance level of organochlorine pesticides

*Solubilization index = total diameter (colony diameter + halo zone diameter)/colony diameter in PKV agar

medium after 7 days of incubation in the absence of pesticides

® The amount of phosphorous (P) liberated in the PK'V broth after 6 days of incubation in the absence of pesticides

broth showed maximum phosphorous availability
(286 pg mL™") on day 9 while, the least (85 ug mL ™
was obtained in endosulfan added broth on day 12.
Additionally, in the 100 pg mL ' concentration, a maxi-
mum of 272 pug mL~' was obtained in lindane-added
broth on day 9, while the least was recorded in
endosulfan-added broth (81 pg mL™") on day 12. Also,

in the 150 ug mL™" concentration of lindane-added broth,
strain IITISMO8 showed a maximum (176 pg mL ™)
phosphorous availability on day 3 of incubation, while
the least (15 pg mL ") was recorded in endosulfan added
broth on day 12.

During phosphorous solubilization, the presence of organic
acid functional group in the supernatant of bacterial culture of

Table3  Effect of varying concentration of organochlorine pesticides on phosphorous solubilizing potential of strain Paenibacillus sp. IITISMOS in the
PKV medium
Pesticides Concentration Phosphate solubilization
(ugmL™)
SI® P-liberated® (ug mL ™)
Day 3 pH Day 6 pH Day 9 pH Day 12 pH
Endosulfan 50 1.7 101 £2c¢F 52+0.15 112+£1bG 5.1+£0.05 122+2aG 5.0+0.10 85+3dF 54+0.10
100 1.1 72+£2dH 55+0.15 94+2bH 53+0.10 107+1aH 5.1£0.15 81+2cF 54+0.15
150 08 40+1lal 59+0.10 32+2b] 6.0+£0.05 22+2c] 6.0+0.05 15+2dH 6.2+0.10
Aldrin 50 2.1 175+2cD 4.7+0.10 185+3bD 4.6+0.11 198 +2aD 4.6+0.05 156 +3dD 4.7+0.10
100 14 137+ 1bE 49+0.05 147 +2aF 49+0.05 151 +1aF 48+0.05 120+2dE 5.1 +0.10
150 09 89+3aG 54+0.10 77+2bl 55+0.10 70+4bl 55£0.05 57+3cG 58+0.05
Lindane 50 2.5 259+2cB 42+0.15 272+3bB 4.1 +0.11 286+ 1aB 4.1+0.28 255+4cB 42+0.11
100 1.7 243+ 1cC 44+0.15 258 +3bC 4.2+0.10 272 +2aC 4.0+0.11 234 +3dC 4.4 +0.05
150 1.1 176 £1aD 4.7+0.11 167 +2bE 4.8+0.11 160+2cE 48+0.11 156+3cD 4.9 +0.25
Control (without 32 307+2cA 39+020 348 +2bA 3.6+0.10 339 +4aA 3.4+020 347+2aA 3.4+0.05

pesticide)

Values are in mean £+ SD; (n=3)

Different small alphabetical letters indicate the significant differences between the row and different capital letters showed the significant differences
between the columns at p < 0.05 according to Tukey test

#Solubilization index = total diameter (colony diameter + halo zone)/colony diameter, after 7 days of incubation in the PK'V agar medium

® the amount of phosphorous (P) liberated in the PKV broth
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PKV broth in the presence and absence of organochlorine
pesticides was screened by FT-IR. In the pesticide-free broth,
the strain IITISM08 showed the IR spectrum range of
1635.543 cm ™' for COOH group (Fig. 1a). However, the shift
in the spectrum was observed in the endosulfan
(1639.928 cm ™) (Fig. 1b), aldrin (1640.507 cm™ ") (Fig. lc),
and lindane (1644.980 cm ") (Fig. 1d) added PKV broth.

On qualitative production of organic acids in the PKV
broth in the presence and absence of organochlorine pesti-
cides, gluconic acid was found to be the dominant acid
(Fig. 2a, d). In the endosulfan-amended broth, in addition to
gluconic acid, a peak pertaining to acetic acid (Fig. 2b) was
also observed. Similarly, in the aldrin and lindane-added broth
in addition to gluconic acid, peaks of formic and citric acids
(Fig. 2c, d) were also noticed.

Strain IITISM08 produced maximum (44 pg mL™')
IAA in LB broth medium in the absence of organochlo-
rine pesticides which reduced substantially with the addi-
tion of increasing concentration of each pesticide. The
order of toxicity of pesticides at 50 pg mL™' (percent
decrease in IAA production over control), was found as
endosulfan (73%) > lindane (56%) > aldrin (36%). While
comparing the effect at concentrations of 150 pg mL™",
aldrin showed least toxicity by 75%, whereas, endosulfan
reduced the IAA production maximally by 89% (Table 4).
In this study, the three concentrations of organochlorine
pesticides did not suppress the ammonia and the HCN
production by strain IITISMOS.

Strain IITISMO8 showed siderophore producing ability by
forming an orange-colored zone of 13 mm on CAS agar me-
dium in the absence of pesticide. While comparing the effect
of organochlorine pesticide, reduction in the siderophore zone
size was prominent in the presence of all three concentrations

Fig. 1 The presence of organic
acid functional group in PKV

of each organochlorine pesticide. The order of a percent de-
crease in zone diameter at 150 p1g mL ™' concentration relative
to control was endosulfan (38%) > lindane (31%) = aldrin
(31%).

In the absence of pesticide, strain IITISMO8 produced
34 ug mL™' of SA and 15 pug mL™" of DHBA. The
siderophores (SA and DHBA) produced by the strain
IITISMOS decreased consistently with the increasing concen-
tration of each organochlorine pesticide. At 150 pg mL ™" con-
centration, endosulfan showed the highest toxic effect on the
production of both SA and DHBA and decreased it maximally
by 79 and 80%, respectively, as compared to control. The
order of decline in SA synthesis was endosulfan (79%) >
lindane (70%) > aldrin (68%) compared to control at a con-
centration of 150 ug mL™". Moreover, the order of toxicity at
150 g mL ™" concentration on DHBA production was endo-
sulfan (80%) > aldrin (53%) = lindane (53%) (Table 4).

In contrast to other PGP substances, EPS synthesized by
the strain IITISMOS increased progressively with consistent
increase in concentrations of each organochlorine pesticide.
The maximum stimulatory effect on EPS production was ex-
hibited for endosulfan, which increased it by 17, 23, and 41%
in 50, 100, and 150 pg mL ! concentrations, respectively,
compared to control. At 150 pug mL™' concentration, maxi-
mum EPS secretion (percent increase over control) was found
as endosulfan (41%) > lindane (35%) >aldrin (29%) (Table 4).

Degradation of organochlorine pesticides

Maximum degradation of endosulfan, aldrin, and lindane by
Paenibacillus IITISM08 was observed at a concentration of
50 ug mL™" with degradation potential of 51, 79, and 68%,
respectively. However, the lowest degradation was 20% for

(@)
—®)

broth inoculated with strain
Paenibacillus sp. ITISM08 was
identified using FT-IR. a Bacterial
supernatant of pesticide free PKV
broth. b Bacterial supernatant of
endosulfan amended PKV broth
at 50 ug mL™" concentration. ¢
Bacterial supernatant of aldrin-
amended PKV broth at

50 pg mL™" concentration. d
Bacterial supernatant of lindane
amended PKV broth at

50 pg mL ™" concentration
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endosulfan, 39% for aldrin, and 28% for lindane at a concen-
tration of 150 ug mL ™", respectively (Fig. 3).

Identification of the strain ISMIITOS

Strain [ITISMOS was identified by a series of biochemical
reactions as per the Bergey’s Manual of Systemic
Bacteriology (Table 5) and later subjected to 16S rDNA se-
quencing using the BLAST program which showed its close
relationship with the DNA sequence of Paenibacillus
dendpritiformis LT732643 with 99% similarity. Such high sim-
ilar values confirmed the strain IITISMOS to be Paenibacillus
sp. (Fig. 4).

Discussion
Tolerance to organochlorine pesticides

In the present study, the Paenibacillus sp. strain IITISM08
showed considerably higher MTL values to the three organo-
chlorine pesticides (endosulfan, aldrin, and DDT). In agree-
ment to this, Singh et al. (2009) reported that Paenibacillus sp.
D1 have also exhibited resistance to fungicides, insecticides,
and termiticides at concentrations higher than recommended
for field applications. The development of resistance or toler-
ance capability of microorganisms against various pesticides
is a complex process, regulated at the physiological and ge-
netic level (Ahemad and Khan 2010). Since the medium used
in the present study to assess the MTL values of the
Paenibacillus sp. ITISMO8 strain did not contain any carbon
and nitrogen source except the tested organochlorine pesti-
cides. The Paenibacillus sp. strain IITISMO08 might have uti-
lized these organochlorine pesticides as the only energy
source.

Bioassay of PGP traits

Rhizospheric bacteria are able to promote plant growth by
different mechanisms. Solubilization of mineral P in the rhi-
zosphere and providing soluble P to plants is one of the im-
portant mechanisms. The property of phosphate solubilization
is due to decrease in pH, which has been associated with the
capability of microbes to secrete low molecular weight organ-
ic acids such as gluconic, oxalic, citric, malic, acetic, succinic
acids, etc. (Zaidi et al. 2009). Soil inoculated with PSB has
been displayed to improve solubilization of insoluble phos-
phates present in rhizosphere and provide soluble P to plants,
resulting in a higher crop yield (Hameeda et al. 2008; Linu
et al. 2009).

In endosulfan-amended broth, strain IITISMO8 produced
maximum soluble phosphorous (122 pug mL™') at day 9.
However, in the absence of pesticides, strain IITISM08
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showed the maximum P solubility (348 pg mL™"), at day 6.
The strain IITISMOS showed better P solubilization as com-
pared to previously reported strains. Some recent studies re-
ported that soluble phosphorous was produced 260 mg L' by
A. aneurinilyticus (Chauhan et al. 2017), 305 ug mL™" by
Burkholderia cepacia C1 (Pande et al. 2017), 263 ug mL™
by R. aquatilis M100 (Bakhshandeh et al. 2014), and
271 pg mL™" by Pseudomonas plecoglossicida PSB-5 (Kaur
and Reddy 2013), in pesticide-free broth. Similarly, Ramani
2011 reported that B. sphaericus and P. cepacia showed
higher phosphate solubilization (40.78 and 158.99 mg %
P,0s, respectively) at recommended dose of endosulfan, at
day 15.

In the present study, strain IITISM08 solubilized the insol-
uble phosphates considerably both in the presence and
absence of organochlorine pesticides. The incubation period
also exhibited significant effects on the quantity of phosphate
solubilization. In the culture filtrate, the amount of P
solubilized increased significantly from the third day and
remained high up to the ninth day. However, a significant
decrease in amounts of soluble phosphorous was noticed on
the 12th day. In a similar study, Chaiharn and Lumyong
(2009) reported that the amount of P solubilized in the culture
filtrate of strain Acinetobacter CR 1.8 increased significantly
from the third day and remained high for 9 days. Walpola and
Yoon 2013 also reported that the content of soluble phospho-
rus released by the isolates P. agglomerans and Burkholderi
anthina in culture medium increased during the first 2 days of
the incubation, then remained high for several days and de-
creased towards the end of the incubation. The decrease in the
level of soluble phosphorous could be due to the availability
of soluble form of phosphate, which has an inhibitory effect
on further solubilization of phosphate (Varsha-Narsian et al.
1994) and the formation of an organophosphate compound
induced by the release of organic metabolites which in turn
decreases the amount of available phosphate (Chaiharn and
Lumyong 2009). The decrease in pH of pesticide added and
free broth during P solubilization may be attributed to the
production of organic acids.

The FT-IR analysis showed the presence of COOH group
in the culture supernatants; in addition, shift in the absorption
spectrum was noticed in the culture supernatant of pesticide-
added broth. The shift in FT-IR spectrum may be because of
the additional binding of pesticide residues to free carboxyl
terminal of the organic acids. In agreement to this, Rajasankar
etal. (2013) reported a similar shift in the IR spectra denoting
the addition of pesticide residues to COOH group, when min-
eral phosphorous was solubilized by Pseudomonas sp. strain
SGRAIJO09.

The possible mechanism of organochlorine pesticides to
inhibit phosphate-solubilizing (PS) capacity may be attributed
to the fact that the presence of organochlorine pesticides in-
hibits the growth of microorganisms, resulting in decrease in
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<« Fig. 2 HPLC analysis of organic acids in PKV broth inoculated with
strain Paenibacillus sp. IITISMO08. a Culture broth unamended with
organochlorine pesticide showing the presence of gluconic, acetic,
formic, and citric acids. b Culture broth supplemented with endosulfan
showing the presence of gluconic and acetic acids. ¢ Culture broth
supplemented with aldrin showing the presence of gluconic, formic,
and citric acids. d Culture broth supplemented with lindane showing the
presence of gluconic, formic, and citric acids. e—h Standard
chromatogram peak of gluconic, acetic, citric, and formic acids

organic acid production. Madhaiyan et al. (2006) and Pham
etal. (2004) reported that organochlorine pesticides may cause
specific stresses in bacterial cells related to DNA, protein, and
oxidative damages which may be a possible reason for inhi-
bition of phosphate-solubilizing activity by the microorgan-
isms. Several studies have also reported the reduction in
phosphate-solubilizing activity of the microorganisms due to
pesticides (Ramani 2011; Ghisalba et al. 1987; Siddaramappa
etal. 1973).

Using HPLC, the production of organic acids in the pesti-
cide supplemented and unsupplemented broth was analyzed.
Gluconic acid was found major as well as common organic
acid in all the pesticide added broth. Moreover, the presence of
acetic, citric, and formic acids was also observed. Similarly, a
study stated the possible production of organic acids during P
solubilization under the stress of imidacloprid and
monocrotophos constituting NBRIP broth (Rajasankar et al.
2013).

The IAA produced by the plant growth-promoting
rhizobacteria controls many important physiological process-
es of plants such as cell elongation or cell division (Khan et al.
2009). In the present study, Paenibacillus sp. strain IITISM08

produced IAA even under pesticide stress, but decreased con-
sistently with increasing pesticide concentration. In agreement
to this, many researchers have reported reduction in [AA pro-
duction by Achromobacter xylosoxidans JCp4 and
Ochrobactrum sp. FCpl (Akbar and Sultan 2016),
Burkholderia sp. strain L2 (Tripti and Kumar 2015),
Pseudomonas sp. SGRAJ09 (Rajasankar et al. 2013),
Pseudomonas putida (Ahemad and Khan 2012),
Enterobacter asburiae (Ahemad and Khan 2010),
Gluconacetobacter diazotrophicus (Madhaiyan et al. 2006),
Pseudomonas aeruginosa, Serratia sp., an Bacillus sp.
(Wani et al. 2005) in the presence of pesticides.

Varying the concentrations of each pesticide did not inhibit
the production of ammonia and HCN by Paenibacillus sp.
strain IITISMO08. The ammonia synthesized by the
rhizobacteria may act as a signaling role in the interaction
between rhizobacteria and plants and also enhance the gluta-
mine synthetase activity (Sood et al. 2002). Wani et al. (2007)
have also reported the ammonia production by rhizobacterial
strains. HCN synthesized by the rhizobacteria shield the grow-
ing plants from pathogen attack by killing parasites (Kang
et al. 2010). In agreement with our report, Devi et al. (2007)
also reported the excretion of HCN by the rhizobacterial
strains into the rhizosphere.

In the present study, Paenibacillus sp. strain IITISM08
produced siderophores on CAS agar plates as well as in
Modi medium (SA and DHBA) both in the presence and
absence of pesticides. Iron exists in the trivalent state as insol-
uble hydroxides and oxyhydroxides in the aerobic environ-
ment thus making it generally inaccessible to microorganisms
(Ahemad and Khan 2011). Under iron-limiting conditions,

Table 4 PGP activities of strain Paenibacillus sp. IITISMO08 at varying concentrations of organochlorine pesticides

Pesticides Concentration 1AA Siderophores EPS NH; HCN
(ngmL™) (ng mL™) (ng mL™)
Zone on CAS agar SA DHBA
(mm) (ngmL™)  (ugmL™)
Endosulfan 50 12 + 1.5de 12 + 1.5ab 20+0.5¢ 11 +1.5b 20+0.5d + +
100 7+0.5f 10+ 0.5¢d 13 +£2.0f 9+0.5¢c 21+ 1.0d + +
150 5+1.5g 8+0.5d 7+3.2h 3+£0.5¢ 24+ 1.1a + +
Aldrin 50 28 +1.5b 13+£0.5a 30+ 0.5b 15+0.5a 18 £0.5¢ + +
100 14 +0.5d 10 £ 0.5bcd 21 +0.5de 9+0.5¢c 20+ 0.5d + +
150 11+0.5¢ 9+ 1.5cd 11 +2.0fg 7+0.5d 22 +0.5bc + +
Lindane 50 19+2.0c 13+1.0a 26 +1.5¢ 15+ 1a 20+ 1.1d + +
100 13+1.1d 11 + 1.5abc 23+15cd 12+1.1b 21 +0.5¢cd + +
150 7 +0.5fg 9+ 1.5cd 10 £ 1.5g 7+2d 23 +0.5ab + +
Control (without 44 +1.1a 13+1.5a 34 +£0.5a 15+0.5a 17+ 1.1e + +

pesticide)

Values are in mean + SD; (n=3)
Different alphabetical letters in each column indicate the significant differences at p < 0.05 according to Duncan’s multiple range test

IAA indole-3-acetic acid, CAS chrome azurol S, SA salicylic acid, DHBA 2,3-dihydroxybenzoic acid, EPS exo-polysaccharides, HCN hydrogen cyanide,
NH; ammonia
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Fig. 3 Degradation of

organochlorine pesticides E50 pg/mL E1100 pg/mL @150 pug/mL

90
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many microorganisms exhibit a most common strategy in-
volving the secretion of low molecular weight iron chelators
with high association constants for complexion with iron
called siderophores in order to maintain sufficient amounts
of iron. Siderophores function as solubilizing agents for iron
from minerals or organic compounds and make it available to
plants (Miethke and Marahiel 2007). Siderophores may pro-
mote the biosynthesis of other antimicrobial compounds by
increasing the availability of these minerals to the bacteria and
may function in local and systemic host resistance in plants
(Sinha and Mukherjee 2008). The ability of the strain

Table 5 Morphological

and biochemical Characteristics Strain IITISMO8
characteristics of the
strain IITISMO8 Morphology
Gram reaction +ve
Shape Rod
Biochemical reactions
Oxidase -ve
Catalase +ve
Nitrate reduction +ve
Indole production —-ve
Methyl red —ve
Voges proskauer -ve
Citrate utilization —-ve
Hydrolysis
Casein +ve
Starch +ve
Gelatin +ve
Crabohydrate utilization
Fructose +ve
Lactose -ve
Mannitol +ve
Sucrose +ve
H,S production +ve

Paenibacillus sp. strain IITISMO08 to produce siderophores
in CAS agar plates, SA, and DHBA suggests that the bacterial
strain could also be used as a biological control agent against
soil borne phytopathogens.

In contrast to other plant growth-regulating substances, the
EPS synthesized by the strain Pseudomonas sp. IITISM08
increased progressively with gradual increase in pesticide con-
centration; this might be due to the fact that pesticide might
have induced the EPS production by the strain (Ahemad and
Khan 2010). Production of EPS is an important trait of bacte-
ria as it protects the cell from phagocytosis, desiccation, phage
attack, and also promote N, fixation by preventing high oxy-
gen tension (Tank and Saraf 2003). However, Madhaiyan
et al. (2006) and Ahemad and Khan (2011, 2012) reported
that PGP activities were decreased considerably in the pres-
ence of different pesticides. Similarly, in the present study
also, reduced PGP activities were recorded in the presence
of different organochlorine pesticides except for EPS, HCN,

Paenibacillus popilliae AF071860

Paenibacillus popilliae NR040888

3 Paenibacillus sp AB746175

511 Ppaenibacillus thiaminolyticus NR040887

= Paenibacillus popilliae EU420075

o8 L Paenibacillus sp JF317562

Paenibacillus thiaminolyticus KT277954

Paenibacillus dendritiformis LT732643

Paenibacillus dendritiformis KR073927

97 |Paenibacillus dendritiformis KR073928

Paenibacillus sp AB712363

IITISMO08

||
0.0050

Fig. 4 Phylogenetic analysis of strain IITISMO8 based on 16S rDNA
gene sequencing. Bootstrap values indicated at the nodes based on the
analysis of 1000 replications
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and ammonia production. This reduction in PGP activities
could probably be due to the adverse effect of pesticide on
the metabolic activities (Boldt and Jacobsen 1998; Kumar
etal. 2010).

The present study reports that Paenibacillus sp. strain
IITISMOS degraded 79% of aldrin, 68% of lindane, and
51% of endosulfan at a concentration of 50 pg mL ™.
Degradation of endosulfan in aqueous medium by Klebsiella
pneumoniae JAS8 was also studied by Abraham and
Silambarasan (2014). Doolotkeldieva et al. (2017) reported
that Bacillus polymyxa, Pseudomonas fluorescens,
Flavobacterium sp., and Micrococcus has degraded 48.2,
43.2,27.0, and 24.2% of aldrin, respectively.

Previously, the degradation of lindane by bacteria has been
reported by several researchers such as Anupama and Paul
(2009) (Azotobacter chroococcum JL 102), Manickam et al.
(2006) (Microbacterium sp. ITRC1 strain), and Nawab et al.
(2003) (Pseudomonas strains).

Conclusion

The organochlorine pesticides (endosulfan, aldrin, and lin-
dane) at different concentrations displayed varying degrees
of toxicity towards PGP traits of Paenibacillus sp. strain
HTISMO8 except EPS production, which increased progres-
sively with increase in concentration of each pesticide. When
this strain was added to PKV agar and broth medium, P solu-
bilization was decreased with increase in pesticide concentra-
tion, considerably in a progressive order with some variations.
On subjecting to FT-IR and HPLC analysis, the presence of
organic acid functional group in the bacterial culture and pro-
duction of gluconic acid as the dominant acid aiding the P
solubilization were identified. The present study provides ev-
idence that in the presence of higher concentrations of organ-
ochlorine pesticides, Paenibacillus sp. strain ITISM08 exhib-
ited several PGPs traits and thus can be used as bioinoculant in
organochlorine pesticide stressed soil.
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