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Abstract Isoproturon (IPU) degrading bacterium was
isolated from herbicide treated soils. Morphological, bio-
chemical and 16S rRNA sequencing revealed that the strain
belonged to the phylogeny of the Bacillus sp. (99 %
sequence similarity with Bacillus pumilus FM 201790.1)
hence designated as B. pumilus K1. Biodegradation study
was carried out using 200 mg L™ IPU as sole source of
carbon at three pH levels i.e. 6.5, 7.0 and 7.5 and three
temperatures i.e. 25, 30 and 35 °C. In the first 5-10 days
IPU biodegradation was slow, which was later accelerated.
The IPU degrading potential of B. pumilus K1 was strongly
influenced by pH and temperature with maximum degra-
dation at pH 7.0 and 30 °C followed by pH 7.5 and 35 °C
at the end of 20 days. However, at pH 6.5 and 25 °C least
IPU degradation was observed. The optimum conditions
for isoproturon degradation by this bacterial isolate were
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pH 7.0 and 30 °C temperature. Addition of supplementary
carbon source enhanced 4.07 % IPU degradation. 4-Iso-
propylaniline was detected as IPU degradation by-product
in the medium. The study clearly exhibited that B. pumilus
K1 was able to metabolize IPU effectively and thus could
be employed for development of field scale bioremediation
technology.

Keywords Bacillus pumilus K1 - Biodegradation -
Isoproturon - Phenylurea herbicide

Introduction

The phenylurea herbicide isoproturon, 3-(4-isopropy-
Iphenyl)-1, 1-dimethylurea (IPU) is used for pre- and post
emergence control of annual grasses and broad-leaved
weeds in wheat, rye, and barley crops. This is among the
most extensively used pesticides in conventional agricul-
ture [1]. According to the official survey conducted by
Directorate of Plant Protection, Quarantine and Storage,
Govt. of India from 2005-2006 to 2009-2010, IPU is
among the most consumed pesticide in the country with
7163 metric tonnes consumption per annum (Www.
pesticideinfo.org, retrieved on 24.06.2015 at 9.55 am).
Although IPU has been banned in several countries or
restricted to use 1.2 kg ha™' year™' since 2003, but in
several countries it is still extensively being used. Eco-
toxicological data suggests that IPU and some of its
metabolites are harmful for aquatic invertebrates, fresh-
water algae and microbial communities [2—4]. IPU and its
metabolites have also been suspected to be carcinogenic to
human beings and animals [5, 6]. As a result of widespread
and repeated use, IPU is frequently recorded as contami-
nant of agricultural catchments and water resources in
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various parts of the world, exceeding the European Com-
mission drinking water limit of 0.1 pg L~ [7, 8].

Considering these harmful effects of IPU, elimination of
its build up in the environment is imperative [9]. Microbial
degradation plays an important role in pesticide dissipation
from the soil, which could prove to be a reliable, cost-
effective remediation technique for IPU abatement [9, 10].
Several studies have already reported IPU degradation by
bacterial isolates vi-a-vis repeated exposure to this herbi-
cide over a longer period of time [11, 12]. Bacterial
degradation of IPU in the contaminated soils is influenced
by various physico-chemical and environmental factors
[13]. Variety of soil bacteria and fungi have been isolated
from different regions in the world which can utilize IPU as
a carbon source [9, 14-16]. However, only Sphingomonas
sp., Methylopila sp. and Sphingobium sp. strains have
shown the complete IPU mineralization potential [1, 16,
17].

Biostimulation is the addition of nutrients to stimulate
naturally occurring microbial populations [18]. Compre-
hensively, biostimulation could be perceived as introduc-
tion of adequate nutrients and oxygen in the medium in
order to enhance pesticide degradation potential of
microbes [19] or to promote cometabolism [20]. Biostim-
ulation is usually paired under the enhanced bioremedia-
tion techniques along with bioaugmentation which is
merely the introduction of specific microorganisms aimed
at enhancing the biodegradation of target compound or
serving as donors of the catabolic genes. The purpose of
biostimulation is to accelerate the intrinsic degradation
potential of a polluted matrix through the accumulation of
nutrients, or some other limiting factors and has been used
for a wide variety of xenobiotics [21]. Even though the
diversity of natural microbial populations apparently
exhibit the potential for pesticide remediation in the con-
taminated sites, however, lack of electron acceptors or
donors, low nitrogen or phosphorus availability, late
stimulation of the metabolic pathways responsible for
degradation can hamper or delay the degradation. Under
such circumstances, accumulation of exogenous nutrients
can enhance the degradation of the toxic materials [22, 23].

Due to the persistence and toxicity of pesticides and
their metabolites, biological means for detoxification have
received serious attention as an alternative and eco-friendly
technology over existing methods such as incineration and
landfill [24]. To develop strong bioremediation technology
for IPU remediation from the environment, it was accepted
that screened indigenous microorganisms from polluted
soil were often more effective to metabolize it than
organisms from elsewhere. According to the National
Bureau of Soil Survey and Land Use Planning (NBSS and
LUP) Nagpur, Tarai region of Uttarakhand (Pantnagar
Kashipur and Rudrapur) is the major food production zone
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of Indo Gangetic plains (IGP). Pantanagar Tarai agro-
ecosystem has been categorized as 9.2a Agro-ecological
Sub Region (AESR) of the country. This region is major
food production zone of Uttarakhnad, therefore, pesticide
application is also high in the region. Keeping in view the
above facts, present investigation was carried out to isolate
and characterize the native bacterial species able to
degrade IPU by performing enrichment cultures from
wheat field of Tarai agroecosystem, Pantnagar
(Uttarakhand).

Material and Methods
Chemicals and Reagents

Analytical-grade (>99.5 % purity) 3-(4-isopropylphenyl)-
I-methylurea (IPU) and its major metabolites [N-(4-iso-
propylphenyl)-N'-methylurea] (MDIPU), [N-(4-isopropy-
Iphenyl) urea] (DDIPU), and 4-isopropyl-aniline were
procured from Sigma Aldrich, USA. All the stock solutions
were prepared in methanol. Acetonitrile, dichloromethane
and all other chemicals used during this investigation were
of analytical grade and purchased from Himedia, India.
The composition of mineral salt medium (MS) used for the
enrichment, isolation and IPU degradation contained
(g L™" KH,PO,, 0.5; K,HPO,, 1.5; NH,NO5 1.0; MgSO,.
7H,O 0.2; NaCl 1.0; and FeSO, 0.025. Nutrient agar
medium contained (g L™'): Peptone 10; Yeast extract 5.0
and NaCl 5.0. In experiments of pH effect on IPU degra-
dation, the initial broth pH was adjusted using 0.01 N HCl
or NaOH [16].

Collection of Soil Samples and Determination
of Physico-Chemical Properties

Isoproturon treated composite surface soil samples
(015 cm) were collected from foothill agro-ecosystem of
north west Himalaya 29°3'0"N 79°34'04”E and 344 metre
(msl) of Norman E. Borlaug Crop Research Centre, Pant-
nagar, India. The soil samples were sieved at 5 mm and
subdivided into two aliquots. First aliquot was air dried for
physico-chemical analysis, whereas, the second was pre-
served at 4 °C for isolation of IPU degrading bacteria. The
physico-chemical properties of soil determined were sand,
silt clay, soil pH, organic carbon (OC), organic matter
(OM) content, available nitrogen (N), available phospho-
rous (P), and available Potassium (K) using standard lab-
oratory methods. The mean soil particle size distribution of
the collected samples was 47.3, 28.8 and 23.9 % sand, silt
and clay respectively. The soil of the chosen agro-
ecosystem was high in organic carbon and low in available
nitrogen, phosphorus as well as potassium with neutral pH



Biodegradation of Isoproturon by Bacillus pumilus K1 Isolated from Foothill Agroecosystem of... 841

Table 1 Soil physico-chemical characteristics of the experimental field (015 cm)

Parameters Mean value Method adopted

Sand (%) 473 Hydrometer method [25]

Silt (%) 28.8

Clay (%) 23.9

Soil pH (1:2, soil: water) 72 4+03 Glass electrode pH meter [26]

Organic carbon (%) 0.87 Walkley and Black method [27]

Available N (kg ha™") 217.48 £ 1.56 Micro-kjeldahl method [26]

Available P (kg ha™") 21.36 + 0.78 Olsen’s method [28]

Available K (kg ha™") 142.37 £+ 1.06 Flame emission spectrophotometry method [26]

+SE,n=3

(Table 1). High organic carbon in the soil could be
attributed to the decomposition of previously grown crop
residues in the field, while low quantities of NPK in the
tested soil samples might be due to the nutrient removal by
previously grown crop because soil physico-chemical
properties were determined at the beginning of Ravi sea-
son, after harvesting rice.

Enrichment Culture and Isolation of IPU Degrading
Bacteria

Surface soil (0-15 cm) from wheat fields treated with IPU
was used for the isolation of bacteria. Composite soil
samples (5 g) in triplicate were taken in 250 mL Erlen-
meyer flasks containing 100 ml of the minimal broth and
50 mg L™" IPU. These flasks were incubated at 30 °C with
continuous shaking at 150 rpm. After 10 days, 5 ml of
broth culture from each flask was re-inoculated to 50 mL
of fresh media with 100 mg L' IPU and cultured under
the same conditions. This process was repeated five times
and IPU concentration was increased up to 200 mg L™".
After 5 subcultures had been performed, 0.5 mL of culture
broth was applied to mineral salt agar (MSA) plates sup-
plemented with 200 mg L™' IPU and 0.1 g L™" dextrose
as a source of carbon. The plates were incubated at 30 °C.
After 48 h incubation a few colonies appeared on the
plates. These bacterial colonies were streaked till the pure
colonies obtained. After the successive enrichment culture,
bacterial isolate showing prolific growth in IPU supple-
mented mineral salt agar medium was isolated from the
plates and designated as K1.

Determination of IPU Minimum Inhibitory
Concentration (MIC)

In order to determine the IPU MIC for bacterial isolate K1,
it was streaked on mineral salt agar plates supplemented
with IPU as sole source of carbon and energy at the

concentrations of 50, 100, 150, 200, 300, 350 and
400 mg L™". These agar plates were incubated at 30 °C for
72 h. After 72 h incubation appearance of bacterial colo-
nies was recorded. On the basis of growth of bacterial
isolate on mineral salt agar plates, isoproturon minimum
inhibitory concentration was determined.

Identification of IPU Degrading Bacterial Isolates
K1

The IPU degrading bacterial isolate K1 was identified on
the basis of morphological and biochemical tests and 16S
rRNA partial gene sequence analysis. Bacterial isolate K1
was tested for 24 different substrates (24 carbon sources
and 2 enzyme activities viz. Catalase and Oxidase)
(Table 2) to study their metabolizing abilities using KB0O09
part A and B HiCarbohydrate™ Kit. These tests were
based on the principle of pH change and substrate
utilization.

Table 2 Biochemical characteristics of IPU degrading B. pumilus K1

Part A (KB009) Result Part B (KB009) Result
Lactose + Inulin +
Xylose + Sodium gluconate +
Maltose - Glycerol -
Fructose + Salicin +
Dextrose + Glucosamine =+
Galactose + Dulcitol +
Raffinose + Inositol -
Trehalose + Sorbitol +
Melibiose + Mannitol +
Sucrose + Adonitol +
L-Arabinose + a-Methyl-p-glucoside +
Mannose - Ribose -
Catalase + Oxidase +
+, Positive; —, negative test
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Effect of pH and Temperature on IPU Degradation

To optimize the best growth pH for bacterial isolate,
50 mL mineral salt broth (autoclaved at 121 °C for
20 min) in 100 mL Erlenmeyer flasks adjusted to pH 4.5,
5.5, 6.5,7.0, 7.5, 8.5 and 9.5 were used. These flasks were
amended with IPU to a concentration of 200 mg L™" and
inoculated with bacterial isolate K1. These flasks were
incubated at 30 °C on an orbital shaker at 150 rpm.
Samples were withdrawn regularly at 12, 24, 36, 48, 60
and 72 h incubation and optical density was recorded at
600 nm using UV/Vis Spectrophotometer (Varian). Simi-
larly to optimize growth temperature, 50 mL autoclaved
mineral salt broth amended with IPU to a concentration of
200 mg L' were inoculated with bacterial Isolate. These
flasks were incubated at 20, 25, 30, 35, 40 and 45 °C on
an orbital shaker at 150 rpm. Samples were withdrawn
regularly at 12, 24, 36, 48, 60 and 72 h incubation and
optical density was recorded at 600 nm. On the basis of
growth curves plotted between ODgg9 nm and pH as well
as ODggp and temperature, three pH values (6.5, 7.0 and
7.5) and three temperatures (25, 30 and 35 °C) were
chosen for further IPU degradation study under laboratory
conditions.

To assess the effect of pH on IPU biodegradation by
bacterial isolate, 50 mL mineral salt broth (autoclaved at
121 °C for 20 min) in 100 mL Erlenmeyer flasks adjusted
to pH values of 6.5, 7.0 and 7.5 were used. 200 mg L'
IPU was added in the flasks as a sole source of carbon.
The broth in the flasks was inoculated with 1 mL of
bacterial inoculum (ODgyy = 1.0). These flasks were
incubated at 30 °C on an orbital shaker at 150 rpm for
20 days.

To study the effect of temperature on IPU degradation,
50 mL mineral salt broth in 100 ml Erlenmeyer flask was
taken. 200 mg L™' IPU was added as a sole source of
carbon in the flasks and inoculated with 1 mL overnight
bacterial inoculum (ODgyy = 1.0). These flasks were
incubated at 25, 30, and 35 °C on an orbital shaker at
150 rpm for 20 days. Uninoculated flasks were also
maintained to determine abiotic degradation if any. All
the experiments were conducted in triplicates for each pH
and incubation temperature. Samples were withdrawn
aseptically at 5, 10, 15 and 20 days incubation for
determination of residual IPU concentration in the
medium.

IPU degradation potential of bacterial isolate was further
assessed in the presence of supplementary carbon source.
Dextrose was added at a concentration of 0.5 g L™ in the
broth medium containing [PU at the concentration of
200 mg L™'. The flasks were incubated under optimized
pH and temperature for 20 days. Residual IPU was deter-
mined using HPLC at 5, 10, 15 and 20 days.
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Analytical Method and Conditions

To extract residual IPU 5 mL aliquots were taken at 5, 10, 15
and 20 days incubation from broth culture and centrifuged to
obtain cell free supernatant. To estimate the biodegradation,
residual IPU was extracted by adding 5 mL of cell free
supernatant to an equal volume of dichloromethane. The
extraction process was repeated thrice. The extract was dried
over anhydrous Na,SO, and solvent was evaporated to
dryness using rotatory evaporator at 40 °C. The residues
were dissolved in 1.0 mL of acetonitrile and water (75/25, v/
v). All the samples were filtered by passing through acrodisc
syringe filter of 0.2 p membrane. The IPU extracts were then
analyzed using Dionex HPLC equipped with auto sampler
and Acclaim 120, C;g 5 pm 4.6 x 250 mm column. Sam-
ples were eluted from the column using acetonitrile and
water (75:25 v/v) at a flow rate of 1 mL min~ . The solutes
were detected using UV detector at 243 nm. The HPLC
analysis was performed at room temperature under isocratic
conditions [11, 16]. Residual IPU concentration was quan-
tified using a standard curve plotted between mass absor-
bance unit (mAU) and known concentration of isoproturon.
Technical grade IPU and its major metabolites were used as
standard for computation of residual IPU and metabolite
identification. For this purpose 5, 10, 50, 100, 150, 200 and
250 ppm concentration of IPU and its reported metabolites
were used to identify the by products of IPU degradation. The
corresponding detection limits for IPU, MDIPU, DDIPU and
41A were 0.75,0.69,0.86 and 0.89 ug L~' respectively. The
average extraction efficiency of this method was
96.00 £ 1.52 %. Percent IUP degradation was calculated
using following formula:

A,
Percent (%) IPU degradation = A_ x 100

C

where, A is the peak area of sample and A, is the peak area
of the control.

Statistical Analysis

The experimental data were processed for calculating
standard error of the means and two factorial completely
randomised design (CRD) analysis as available in the
SPSS16, and expressed at 0.05 probability level.

Results and Discussion

Isolation and Characterization of IPU Degrading
Bacterial Strain

IPU degrading bacterial strain K1 was isolated from the
enrichment culture. This isolate was gram-positive,
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aerobic, spore-forming, and rod-shaped (Fig. 1). The bac-
terial isolate K1 was tested for 24 different substrates (24
carbohydrates as carbon source and 2 enzymes oxidase and
catalase) to study their metabolizing abilities using KB009
part A and B HiCarbohydrate™ Kit. The tests were based
on the principle of pH change and substrate utilization. K1
was positive to oxidase, catalase and 21 carbohydrates
(Table 2).

The 16S rRNA partial gene sequence analysis was car-
ried out to identify the bacterial isolate K1 and deposited in
the GenBank database under accession number KF279694.
Homology search using BLAST revealed 99 % similarity
of this sequence with 16S rRNA gene sequence of Bacillus
pumilus (GenBank accession no. FM201790.1), giving the
phylogenetic relationship of this bacterial isolate with
several Bacillus species (Fig. 2), thus isolate was desig-
nated to be B. pumilus K1.

Determination of IPU MIC for Bacterial Growth

On the basis of bacterial growth on mineral salt agar plates
supplemented with isoproturon as a sole source of carbon
at different concentrations (50, 100, 150, 200, 300, 350 and
400 mg L"), 350 mg L' IPU was found to show mini-
mum inhibitory concentration for its growth.

Effect of pH and Temperature on IPU Degradation

Growth, pH and temperature for IPU degrading B. pumilus
K1 were optimized under laboratory conditions. For this
bacterial isolate was grown at pH-values from 4.5 to 9.5
and 20 to 45 °C temperature in MS medium supplemented
with IPU as sole source of carbon at the concentration of
200 mg L™'. After 72 h observation bacterial strain
exhibited maximum growth at pH 7.0 followed by 7.5 and
6.5. While 30 °C was the maximum growth temperature
followed by 35 and 25 °C respectively. These three pH

Fig. 1 Gram staining images of B. pumilus K1

values and temperature regimes were chosen for further
IPU degradation studies using B. pumilus K1.
Biodegradation of IPU by enriched bacterial isolate was
studied for 20 days incubation at different pH and tem-
peratures. Degradation of IPU in control and inoculated
broth medium differed substantially at all the pH and
temperatures. During first 5-10 days of incubation, IPU
degradation was slow. However, it accelerated after
10 days and disappeared significantly (p < 0.05) from the
broth medium at the end of 20 days (Tables 3, 4, 5).
Biodegradation of IPU in control flasks was far less than
the inoculated flasks and varied (p < 0.05) significantly.

Effect of Supplementary Carbon on the Degradation
IPU

The bacterial isolate exhibited enhanced IPU degradation in
the presence of dextrose in addition to IPU as a carbon
source. IPU degradation at 5-10 days was slow but enhanced
significantly at the end of experiment. Slight increase in [PU
degradation was observed at 10 days incubation. As incu-
bation proceeded IPU disappearance from the broth medium
was accelerated and enhanced significantly. At the end of
incubation (186.55 £ 0.49 mg LY, total 93.23 % IPU
was degraded by this bacterial isolate (Fig.3). IPU
degradation in control flasks and inoculated flasks was
significantly (p < 0.05) different throughout the experi-
ment. The increase in the IPU degradation efficiency due to
supplementary carbon was 4.07 % at optimum pH and
temperature. 4-Isopropylaniline (4IA) was accumulated as
IPU degradation by-product in the medium (Table 6).
However, no other reported metabolites were detected in
the medium. This might be due to the potential of bacterial
isolates to metabolize the IPU metabolites simultaneously
in the medium.

Biodegradation of IPU has already been reported in
several soils, repeatedly treated with this herbicide at
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Fig. 2 Neighbour-joining
phylogenetic analysis resulting
from the alignment of 16S
rRNA partial gene sequences of
B. pumilus K1 with those of
other Bacillus sp. strains found
in GenBank database. GenBank
accession numbers are given in
parentheses. Bootstrap value (in

Bacillus_pumilus(KC953597.1)
Bacillus_altitudinis(KC934848.1)
Bacillus_pumilus(KC953601.1)
Bacillus_altitudinis(JX042464.1)
Bacillus_sp.(FJ006880.1)
Bacillus_sp.(FR821100.1)
Bacillus_stratosphericus(KC934845.1)

66

percent) is indicated at the
respective nodes. The
phylogenetic distance is shown
on a scale bar

Bacillus_stratosphericus(KC934796.1)
Bacillus_stratosphericus(KC934784.1)
Bacillus_pumilus(FM201790.1_)

K1 (KF279694)
—_
0.005
Table 3 Biodegradation of isoproturon by B. pumilus at 25 °C temperature and different pH
Time (days) pH 6.5 pH 7.0 pH 7.5
Control Treatment Control Treatment Control Treatment
5 371 £ 0.20 18.83 £ 0.52 6.00 £ 0.38 23.41 £ 045 448 £ 0.30 20.59 £ 0.62
(1.86) (9.42) (3.0 (11.71) (2.24) (10.30)
10 6.07 £ 0.26 54.57 £ 0.60 11.01 £ 0.44 66.61 + 0.87 721 £ 0.17 61.17 £+ 0.46
(3.04) (27.29) (5.51) (33.32) (3.61) (30.59)
15 9.31 £ 0.34 112.39 £ 0.80 18.21 £ 0.28 127.11 £ 0.53 11.93 £ 0.47 116.19 + 0.76
(4.66) (56.20) 9.11) (63.56) (5.97) (58.10)
20 16.00 £ 0.25 144.67 £ 0.85 20.02 £ 0.73 156.68 £+ 1.14 17.70 £ 0.52 147.19 £+ 0.88
(8.0) (71.34) (11.01) (78.34) (8.85) (74.60)
SEM + CD at5 % SEM + CD at5 % SEM + CD at5 %
A (control) 0.26 0.80 0.33 0.99 0.28 0.85
B (treatment)* 0.38 1.1 0.46 1.40 0.40 1.20
A*B (interaction)* 0.53 1.6 0.66 1.99 0.56 1.70

Values are degraded amount of IUP in mg L™", initial IPU concentration = 200 mg L™, £SE, n = 3, * significant p < 0.05

Values in parenthesis represent % IPU degradation
Control-uninoculated, treatment-inoculated with B. pumilus K1

various places such as UK, Denmark and France [1, 11—
13]. Microbial degradation has been described as a primary
mechanism responsible for IPU dissipation as well as other
phenylurea herbicides from the soil [9, 10]. In the present
investigation IPU degrading bacterial strain was isolated
from Tarai agroecosystem, Pantnagar India using enrich-
ment culture method. Phylogenetic analysis based on 16S
rRNA revealed that the strain K1 showed 99 % similarity
with the 16S rRNA sequence of B. pumilus (FM201790.1)
and was clustered with several Bacillus strains. Since
several bacteria have been reported to have the phenylurea
herbicide degrading ability [1, 17, 29, 30], these earlier
studies together with the work described here, indicate that
different strains belonging to different genera are involved
in the metabolism of phenylurea herbicides, but all these
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strains had different characteristics of extent and degree of
degradation [16].

It is well known that pesticide biodegrading activity of
the soil micro biota is deeply influenced by pedoclimatic
conditions [31, 32]. Among the physico-chemical proper-
ties, pH and temperature are considered to play a key role
being responsible for the regulation of pesticide degrading
capabilities of microorganisms [11, 33-35]. Although the
effect of pH on IPU degradation by soil microflora is well
described by many previous studies [9, 11, 15, 16], the
mechanisms responsible for this regulation have not been
explained [16]. However, the pH is known to affect the
growth and survival of microbial populations [36-38]
which ultimately affects their activity. This suggests that
pH might have an effect on the growth or survival of the
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Table 4 Biodegradation of isoproturon by B. pumilus at 30 °C temperature and different pH

Time (days) pH 6.5 pH 7.0 pH 7.5
Control Treatment Control Treatment Control Treatment

5 4.71 £ 0.20 3245 £+ 0.64 8.04 + 0.37 41.34 £ 0.67 6.82 £+ 0.63 37.34 £+ 0.36
(2.36) (16.23) (4.0) (20.67) (341 (18.67)

10 8.40 £+ 0.38 57.80 £+ 0.48 13.34 £ 0.34 72.37 £ 0.90 10.21 £+ 0.72 62.47 £ 0.58
(4.20) (28.90) (6.67) (36.19) (5.11) (31.24)

15 11.65 £+ 0.64 130.04 £ 0.68 19.88 £ 0.27 140.34 £+ 0.46 15.60 £ 0.70 132.62 + 0.52
(5.83) (65.02) (9.94) (70.17) (7.80) (66.31)

20 17.02 £ 0.25 161.8 £ 0.78 22.02 £+ 0.86 178.4 £ 0.93 18.70 £ 0.58 168.22 + 0.38
9.0 (80.90) (11.51) (89.20) (9.35) (85.11)

SEM + CD at5 % CD at5 % SEM + CD at 5 %

A (control) 0.27 0.82 0.98 0.28 0.86

B (treatment)* 0.38 1.16 1.38 0.40 1.22

A*B (interaction)* 0.54 1.64 1.96 0.57 1.73

Values are degraded amount of IUP in mg L™, initial IPU concentration = 200 mg L', £SE,n = 3, * significant p < 0.05

Values in parenthesis represent % IPU degradation

Control-uninoculated, treatment-inoculated with B. pumilus K1

Table 5 Biodegradation of isoproturon by B. pumilus at 35 °C temperature and different pH

Time (days) pH 6.5 pH 7.0 pH 7.5
Control Treatment Control Treatment Control Treatment

5 3.65 +0.33 26.62 + 0.33 6.29 + 043 36.43 + 0.44 5.48 £+ 0.40 31.11 £ 0.33
(1.83) (13.31) (3.15) (18.22) 2.74) (15.56)

10 540 £ 0.21 48.68 + 0.40 10.34 £+ 0.34 58.53 £+ 0.54 6.88 £ 0.16 51.72 £ 0.56
(2.70) (24.34) (5.17) (29.27) (3.44) (25.86)

15 9.98 £ 0.39 126.12 £+ 0.28 16.21 £+ 0.82 133.06 £+ 0.17 11.61 £ 0.70 122.31 + 0.85
(4.99) (63.06) (8.11) (66.53) (5.80) (61.16)

20 17.33 £ 0.17 151.59 £+ 0.77 19.02 £+ 0.15 159.63 £+ 0.45 16.70 £+ 0.51 155.85 £+ 0.61
(8.67) (75.80) 9.51) (79.32) (8.35) (77.93)

SEM + CD at5 % CD at 5 % SEM + CD at 5 %

A (control) 0.20 0.65 0.69 0.27 0.83

B (treatment)* 0.28 0.85 0.98 0.39 1.18

A*B (interaction)* 0.40 1.21 1.39 0.55 1.67

Values are degraded amount of IUP in mg L™, initial IPU concentration = 200 mg L', £SE, n = 3, * significant p < 0.05

Values in parenthesis represent % IPU degradation

Control-uninoculated, treatment-inoculated with B. pumilus

bacterial population which might partly explain the varia-
tion in IPU degradation rate observed at different pH val-
ues. However, a more specific effect of pH on IPU
degradation (abiotic and biotic IPU transformation, etc.)
cannot be excluded. Further research should be carried out
to study the transcriptional and enzymatic regulation
occurring in B. pumilus on exposure to IPU at different pH

values. The experimental results indicate that this bacterial
isolate has the ability to degrade significant quantities of
IPU at the pH range of 7.0-7.5 with an optimum activity at
pH 7.0 and reduced activity at pH 6.5. The data recorded
over the incubation time indicated that during the first
5-10 days, there was slow biodegradation of IPU, which
might represent a lag phase while it got accelerated as the
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Table 6 Concentration of 4 IA accumulated in the medium
Time (days) pH 6.5 pH 7.0 pH 7.5
Control Treatment Control Treatment Control Treatment
Temperature 25 °C
5 ND 0.96 £+ 0.76 ND 1.04 + 091 ND 0.93 + 0.12
10 ND 1.71 £ 0.82 ND 1.88 £+ 0.84 ND 1.08 £+ 0.55
15 ND 1.86 4+ 0.61 ND 2.04 £ 0.51 ND 1.23 £ 0.66
20 1.01 £ 0.12 2.01 £ 0.11 1.3 £ 0.56 2.50 £+ 1.02 0.98 + 0.03 1.87 £ 1.10
Temperature 30 °C
5 ND 1.11 £ 091 ND 1.40 £ 0.54 ND 2.02 £ 0.12
10 ND 1.67 £ 1.22 ND 1.68 £+ 0.67 ND 2.34 £ 1.02
15 0.90 + 0.03 1.87 £ 0.55 0.93 + 0.51 1.89 4+ 0.33 1.21 £0.14 2.53 £ 0.08
20 1.10 £ 0.07 2.32 £ 0.97 1.23 + 0.64 2.34 £ 0.34 1.53 £ 0.56 2.79 £ 0.11
Temperature 35 °C
5 ND 1.42 4+ 0.45 ND 1.61 £ 0.12 ND 2.08 £ 0.76
10 ND 1.68 £+ 0.33 ND 1.86 £+ 0.96 0.97 + 0.23 2.41 £+ 0.06
15 ND 1.89 + 1.01 0.90 + 043 1.95 + 1.01 1.61 + 0.41 2.65 £ 0.23
20 1.73 £ 0.15 2.54 + 0.85 1.44 £ 0.37 2.24 £ 0.48 1.87 £ 0.34 292 + 0.77
Time (days) Control B. pumilus + dextrose
5 ND ND
10 ND 1.38 £ 0.22
15 0.91 £+ 0.03 1.53 &£ 0.54
20 0.97 £+ 0.01 1.93 £ 0.12

Values are given in mg L~', ND not detected, =SE, n = 3

B Control B Bacillus pumilus + Dextrose
120 -

% degradation

5 10 15 20
Time (days)

Fig. 3 Percent biodegradation of isoproturon in the presence of
supplementary carbon source at optimized pH and temperature (error
bar shows £+ SE, n = 3)

incubation proceeded, most likely due to induction/acti-
vation of enzymes in the inoculated cultures. Temperature
plays a key role in bacterial metabolism. Slight variation in
temperature may increase or decrease the metabolic rates
of the microorganisms. In the present investigation along
with pH, temperature has also been considered as a key
factor for IPU degradation by B. pumilus K1. Experimental

@ Springer

data revealed maximum IPU degradation at 30 °C incu-
bation. It is likely that 30 °C might be more conducive to
bacterial growth than other incubation temperatures [39].

Addition of supplementary carbon to the system having
xenobiotic compounds increased the IPU biodegradation
potential of bacterial isolate which is often because of the
increase in metabolic activity of the microbes involved
[40]. However, some studies have reported that the addi-
tion of auxiliary carbon to the system declined the degra-
dation of pesticides [41, 42]. This might be because of the
fact that dextrose being the easily available carbon source
as compared to xenobiotics and therefore, the bacterium
preferred dextrose over pesticide as an energy source. IPU
degradation in control flasks was far less than in inoculated
one. Abiotic IPU loss in control flasks might be due to
chemical reactions at the set conditions [43].

Conclusion

In order to facilitate the process of biodegradation and
bioremediation actively in the environment, there is a need
to understand the fate of pesticides after their application
and the metabolic potential of the soil microbial
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community in relation to the physico-chemical and bio-
logical properties of the environment. These conditions at
each contaminated site vary, so all physico-chemical fac-
tors must be taken into account while studying the
biodegradation of pesticides. The results of this study may
imply that the enriched indigenous soil bacterial isolate B.
pumilus K1 possesses efficient catalytic enzyme system to
degrade IPU. So such bacterial strains might be useful for
bioremediation of pesticide polluted soil and water envi-
ronments. However, further research will be needed to
apply this bacterial isolate at microcosm. Commercial scale
bioremediation studies are needed because this isolate is
being reported for the first time as IPU degrader in labo-
ratory conditions.
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