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Abstract

The study design correlates the potential of microbial strains isolated from okra and eggplant
phyllosphere to degrade the commonly used organo-pesticides, chlorpyrifos (CP) and cypermethrin
(CY). Phyllosphere microbes are the first to interact with sprayed pesticides and initiate key metabolic
processes that may be involved in biodegradation, helping identify important intermediates and possible
degradation pathways. Six isolates belonging to Bacillus sp., Pseudomonas sp., and Azotobacter sp.
were tested for pesticide degradation in a mineral salt medium supplemented with 50 ppm of the
individual pesticides. Samples were collected at different time intervals for Gas Chromatography-
Mass Spectrometry (GC-MS/MS) analysis of the pesticide residues. The statistical significance of
the degradation was assessed using one-way analysis of variance (ANOVA) (p <0.05). All six isolated
bacterial strains exhibited varying degrees of pesticide degradation. The maximum degradation was
recorded for CP (up to 85%) and for CY (up to 68%) by strain Azotobacter chroococcum (76A). The ANOVA
results confirmed statistically significant differences in degradation rates among the strains (p <0.05),
indicating diverse biodegradation efficiencies. The main identified metabolites were 3,5,6-trichloro-
2-pyridinol (TCP) from CP and 3-Phenoxybenzaldehyde (3-PBA) from CY. Both secondary metabolites
exhibited lower acute toxicity than their parent compounds. These findings suggest that Azotobacter
strain 76A could be used as a valuable tool in bioremediation strategies. The results of this study align
with previous reports that highlight the dual role of Azotobacter in nitrogen fixation and xenobiotic
degradation. Overall, integrating microbiological expertise with advanced chemical analyses supports
sustainable innovations and promotes safer agricultural practices.
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INTRODUCTION

The phyllosphere, which includes the
above-ground parts of plants, harbours diverse
microbial communities, predominantly bacteria,
which play crucial roles in plant health and
environmental interactions.*?Microbes inhabiting
the phyllosphere influence plant health by limiting
pathogen colonization through competition,
antimicrobial production, and activation of plant
defense pathways.? In addition, they support plant
growth by facilitating nitrogen fixation, synthesizing
phytohormones, and enhancing stress resilience.*®
When pesticides are sprayed in agricultural fields,
phyllosphere microbes are the first to interact
with these compounds. They serve as the first
line of action in initiating the transformation
of xenobiotic compounds. Studies have shown
that phyllospheric bacterial communities can
degrade organophosphorus pesticides. For
instance, research on rape plants demonstrated
that the natural microbial communities on leaves
could degrade dichlorvos, an organophosphorus
pesticide.*Thus, phyllosphere-associated microbial
consortia help reduce the overall toxicity on the
plant surface and surrounding environment.
Under environmental stress, phyllosphere fungi
and bacteria secrete extracellular enzymes such
as hydrolases, transferases, isomerases, and
ligases, which contribute to the degradation of
crop protection agents. These enzymes mediate
key biochemical reactions, including hydrolysis,
oxidation, and reduction, which are essential for
pesticide degradation.”®

Pesticides are widely employed in
agriculture to increase crop yield and ensure
food safety by combatting insects, pests, weeds,
and microbial threats. Despite their benefits, the
excessive and indiscriminate use of pesticides
has resulted in significant environmental
contamination, posing serious risks to soil health,
water resources, and non-target organisms,
including humans.® Among various categories of
pesticides, organophosphate and organochlorine
compounds are particularly concerning owing
to their high persistence, bioaccumulation, and
toxicity, resulting in their widespread detection in
the soil, water bodies, and agricultural products.°
Owing to their possible cancer-causing and
neurotoxic effects, there is an immediate need

for eco-friendly strategies to degrade and remove
them from the environmental system.™

The application of microbes in
bioremediation is increasingly recognized as
an effective and sustainable approach for the
detoxification of pesticide-contaminated sites.
Several bacterial species, including Bacillus,
Pseudomonas, Enterobacter, and Arthrobacter,
have been reported to degrade organophosphate
and organochlorine pesticides through enzymatic
pathways, resulting in the breakdown of hazardous
substances into less toxic metabolities.'*?
Bacterial degradation efficiency relies on several
factors, including bacterial adaptation to pesticide-
contaminated environments, the presence of
specific catabolic enzymes, and surrounding
conditions such as pH, temperature, and nutrient
availability.*>1®

Different analytical techniques have been
used to evaluate pesticide degradation, among
which Gas Chromatography-Mass Spectrometry
(GC-MS) is one of the most sensitive and
widely employed. Through GC-MS/MS, precise
identification and quantification of pesticide
residues and their breakdown products are
achieved, helping researchers assess the efficiency
of biodegradation pathways.'” Earlier studies have
employed GC-MS to analyze the degradation of
pesticides such as chlorpyrifos (CP), cypermethrin
(CY) and carbofuran, facilitating the detection of
intermediate compounds and identifying bacterial
strains with strong degradation capabilities.’**®
Efficient pesticide degradation by bacteria is critical
for their implementation in bioremediation and
the formulation of bioaugmentation strategies for
restoring contaminated agricultural sites.®

In our previous study, bacterial strains
were isolated from pesticide-contaminated
phyllosphere of okra (Abelmoschus esculentus)
and eggplant (Solanum melongena) crops, and
identified using 16S rRNA sequencing.?® Our
findings from the okra and eggplant systems offer
novel insights into warm-climate vegetable crops
with different leaf morphologies and microbial
associations. These two most widely cultivated
vegetables are frequently treated with high levels
of pesticides. Phyllosphere bacterial species were
the focus of this study, because they naturally
inhabit the aerial surfaces of plants, where they
are frequently exposed to pesticides. Continuous
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exposure to these chemical compounds may lead
to metabolic adaptations that enable them to
tolerate and degrade pesticides.

This research primarily aimed to test the
hypothesis that phyllosphere-associated bacterial
strains isolated from pesticide-exposed crops
(okra and eggplant) have developed metabolic
capabilities to degrade organophosphate (CP) and
pyrethroid (CY) pesticides, which can be effectively
evaluated for bioremediation applications through
residue quantification and metabolite profiling via
GC-MS/MS by comparing treated and untreated
samples. Therefore, a comparative analysis of the
degradation performances of different bacterial
isolates identified the most effective strain capable
of breaking down pesticide residues. This study
enhances our understanding of the microbial
mechanisms involved in pesticide degradation
and highlights their potential applications in
bioremediation strategies, providing a sustainable
approach for mitigating pesticide contaminationin
agricultural ecosystems. Enhancing the growth of
beneficial microbial communities on plant surfaces
can accelerate the natural degradation of pesticide
residues, thereby minimizing environmental
impacts and increasing crop safety.?

MATERIALS AND METHODS

Chemicals and reagents

All chemicals used were of analytical
grade, and the CP and CY standards were
purchased from Sigma-Aldrich, USA. Nutrient
broth, sodium sulfate, ethyl acetate and minimal
salt medium (MSM) constituents: KH,PO,, K.HPO,,
NH,NO,, MgS0,.7H,0, Ca (NO,),.4H,0, and Fe
(SO,),. Six bacterial cultures namely, Bacillus sp.
SKM33, Bacillus subtilis, Bacillus sp. StrainVPS50,
Pseudomonas aeruginosa strain Y12, Azotobacter
chroococcum strain 76A, and Azotobacter sp. Strain
N9, were successfully isolated and identified from
the phyllosphere, as described in our previous
research.?

Sample preparation

All the six bacterial isolates were grown
individually in nutrient broth after being maintained
at 37 °C for 24 h under incubation conditions. An
aliquot (1 mL) of the grown bacterial culture was
aseptically inoculated into individual 250 mL

flasks containing 100 mL MSM supplemented with
pesticides (50 ppm). Uninoculated flasks were
used as controls. All experiments were conducted
in triplicates. All the samples were incubated for
0,1,3,5,10and 16 days on a rotary shaker at 100
rpm at 30 °C. Subsequently, liquid samples (10 mL)
collected on specific days were mixed with 50 mL
of deionized water and extracted using 20 mL of
hexane on a rotary shaker for 1 h.?2% The extracts
were dehydrated using anhydrous Na,SO, and
subsequently dried by evaporation under nitrogen
at 45 °Cusing a rotary evaporator. The dried extract
was reconstituted with 1 mL of an ethyl acetate:
hexane (50:50) mixture, followed by thorough
vortexing. After extraction, samples were filtered
using 0.22 um syringe filters to remove particulates
that might interfere with GC-MS/MS. Finally, the
solution was transferred into an amber glass vial
for GC-MS/MS analysis.?*

GC-MS analysis

The samples were stored in amber glass
vials at -20 °C until analysis. Prior to GC-MS/
MS injection, samples were equilibrated at 4 °C.
The glassware and vials were pre-rinsed with
methanol to prevent cross-contamination. The
residues of CP and CY were determined by a gas
chromatograph mass detector triple quadrupole
(GC-MS/MS),% instrument (Agilent GC-7890) with
an Auto Sampler and column HP-5MS Ul, 15 m
long, 0.25 um film thickness, 25 mm ID capillary,
and a max column temperature of 315 °C. The
splitless mode was used with helium as the carrier
gas at a constant pressure and a flow rate of 2.617
mL/min. The oven’s initial temperature was set to
70 °C, held for 10 min, then increased to 285 °C at
10 °C/min, and held for 7 min, for a total run time
of 25 min. Quality control was ensured through
repeated injections and instrument calibration.

Statistical methods

The degradation data were analyzed using
one-way analysis of variance (ANOVA) to evaluate
the effect of the bacterial strains on pesticide
degradation over the incubation period. Where
appropriate, one-way ANOVA followed by Tukey’s
honest significant difference (HSD) post-hoc test
was used for pairwise comparisons at individual
time points. Normality of residuals was assessed
using the Shapiro-Wilk test, and homogeneity
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of variances was tested using Levene’s test RESULTS AND DISCUSSION

before performing ANOVA. The data met the

required assumptions for performing an ANOVA. The present study demonstrated the
A significance level of p <0.05 was considered for ~ biodegradation efficiency of six phyllosphere-
all comparisons to identify specific differences associated microbial strains from okra and
between strains. All results are reported as  eggplant for the widely used pesticides CP and CY.
mean * standard deviation of three independent  The described results present both quantitative
replicates. Analyses were performed using degradation data and GC-MS-based metabolic
GraphPad Prism (version X) and SPSS (version Y).

Table 1. Residual chlorpyrifos concentration (in ppm) during degradation by various bacterial strains over a 16-day
incubation period. Measurements were taken at specific time points (0, 1, 3, 5, 10, 16 days). Control treatment
(chlorpyrifos without bacterial inoculation) was also included. Values are expressed as mean + standard deviation
(SD) from three independent experiments

Bacterial strains Incubation time (Days)
0 1 3 5 10 16

Bacillus sp. Conc. (ppm)+SD 50.0+0.4 43.5+09 33.5+0.7 25.0%+0.6 20.5+0.5 14.4+0.4
SKM33 % Degradation 0.0 13.0 33.0 50.0 59.0 71.2
Bacillus subtilis Conc. (ppm)+SD 50.0+0.2 45.5+0.7 37.0+0.8 28.0+0.7 21.0+0.5 155+0.4

% Degradation 0.0 11.1 26.0 44.0 58.0 69.0
Bacillus sp. Conc. (ppm)+SD 50.0+0.3 43.0+09 33.0+x0.7 28.4%0.7 227+0.5 182+0.4
VPS50 % Degradation 0.0 14.0 34.0 43.2 54.6 63.6
Pseudomonas Conc. (ppm)+SD 50.0+0.7 45.0+0.5 36.5+0.8 30.7+0.7 25.0+0.5 21.0+0.4
aeruginosa Y12 % Degradation 0.0 10.0 28.0 40.0 50.0 60.0
Azotobacter Conc. (ppm)+SD 50.0+0.2 40.0+0.3 28.0+0.8 18.0+0.7 9.0x06 7.5%+0.5
chroococcum 76A % Degradation 0.0 20.0 44.0 64.0 82.0 85.0
Azotobacter sp.  Conc. (ppm)+SD 50.0+0.5 445+0.8 355+0.7 26.5+0.6 16.0+04 9.0+0.3
N9 % Degradation 0.0 11.0 29.0 47.0 68.0 82.0
Control Conc. (ppm)+SD 50.0+0.4 49.8+0.2 48.4+0.3 47.2+0.3 458+0.2 451+0.2

% Degradation 0 0.4 3.2 5.6 8.4 9.8

Chlorpyrifos Degradation Over Time By Different Bacterial
Strains
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Figure 1. Line graph showing chlorpyrifos degradation patterns over 16 days for all isolated bacterial strains and
control. Each line represents a bacterial strain, differentiated by distinct markers. In the graph x-axis represents
residual chlorpyrifos concentration (in ppm) and y-axis represent number of days of incubation
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product identification. The CP degradation patterns
of the six isolates are presented in Table 1. The
residual CP concentrations (ppm) and percentage
degradation were measured over specified
durations of 0, 1, 3, 5, 10, and 16 days. Among
the isolated strains, Azotobacter chroococcum 76A
demonstrated the highest degradation, reaching
85% by day 16 (from 50.0 + 0.4 ppm to 7.5 +
0.5 ppm), significantly outperforming all other
strains (ANOVA, F = 42.37, p <0.05). Azotobacter
sp. N9 was the second-most efficient degrader
(82.0%), followed by Bacillus sp. SKM33 (71.2%),
Bacillus subtilis (69.0%), Bacillus sp. VPS50

MS1Front TIC SCAN EI

(63.6%), and Pseudomonas aeruginosa Y12
(60.0%). In contrast, minimal degradation was
observed in the uninoculated control, confirming
that degradation was primarily due to bacterial
activity. The degradation curve (Figure 1) shows a
rapid decline in CP concentration during the first
5 days, particularly for the Azotobacter isolates,
followed by a gradual plateau phase through
day 16. During the 16 days study period, the rate
of CP degradation in the uninoculated control
remained very low. The results were analyzed for
the experiments conducted in triplicates and are
presented as mean * standard deviation.

x107 | 5
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Figure 2. GC-MS chromatogram of chlorpyrifos and metabolites formed during the degradation by Azotobacter
chroococcum 76A. Peaks represent detected compounds based on retention time. Peak labelled as 1 corresponds
to 3,5,6-trichloro 2-pyridinol (TCP); 2 as chloropyridinone and 3 as dichloropyridinol

Hit#:1 Entry:154168 Library:NISTI7MLlib
SI:92 Formula:C11H16CI3NOSi CAS:0-00-0 MolWeight:311 RetIndex:1726
CompName:3,5,6-Trichloro-2-pyridinol, TBDMS derivative $S 2,3,5-Trichloro-6-hydroxypyridine, dimethyl(tert-butyl)silyl ether
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Figure 3. Mass spectra of 3,5,6-Trichloro-2-pyridinol (TCP) produced from chlorpyrifos degradation by Azotobacter
chroococcum 76A. In the spectra x-axis represents m/z ratio and y-axis represents relative abundance
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Table 2. Residual cypermethrin concentration (in ppm) during degradation by various bacterial strains over a 16
day incubation period. Measurements were taken at specific time points (0, 1, 3, 5, 10, 16). Control treatment
(cypermethrin without bacterial inoculation) was also included to assess abiotic degradation. Values are expressed
as mean t standard deviation (SD) from three independent experiments

Bacterial strains

Incubation time (Days)

0 1 3 5 10 16

Bacillus sp. Conc. (ppm) +SD 50.0+0.2 46.8+0.4 40.5+0.4 33.0+0.1 303+0.3 27.4+0.7
SKM33 % Degradation 0.0 6.4 19.0 34.0 39.4 45.2
Bacillus subtilis Conc. (ppm) +SD 50.0+0.4 45.0+0.6 382+0.6 31.5+0.3 28.1+0.2 243+05

% Degradation 0.0 10.0 23.6 37.0 43.8 51.4
Bacillus sp. Conc. (ppm) +SD 50.0+0.1 46.5+0.4 40.8+0.3 32.6+0.5 287+0.8 23.5+0.5
VPS50 % Degradation 0.0 7.0 18.4 34.8 42.6 53.0
Pseudomonas Conc. (ppm) +SD 50.0+0.4 44.2+0.5 39.5+0.5 33.0+0.3 27.6+0.7 20.5+0.8
aeruginosa Y12 % Degradation 0.0 11.6 21.0 34.0 44.8 59.0
Azotobacter Conc. (ppm) +SD 50.0+0.6 43.8+0.2 36.5+0.3 27.2+0.5 185+0.6 16.8+0.4
chroococcum 76A % Degradation 0.0 12.4 27.0 45.6 63.0 68.0
Azotobacter sp. Conc. (ppm) +SD 50.0+0.3 46.3+0.5 39.2+0.2 31604 21.4+0.7 195+0.6
N9 % Degradation 0.0 7.4 21.6 36.8 57.2 61.0
Control Conc. (ppm) +SD 50.0+0.2 49.8+0.2 484+0.3 474+03 463+0.2 451+0.2

% Degradation 0 0.8 3.6 5.2 7.4 8.6

The metabolic products of CP degradation
were identified by GC-MS analysis by matching
the retention times of the peaks with those
of the library. As shown in Figure 2, multiple
intermediates were detected, with 3,5,6-trichloro-
2-pyridinol (TCP) as the key intermediate at a

Chlorpyrifos hydrolysis —
Formation of TCP

|

Oxidation of TCP —
Produces chloropyridinone

Il

s A

Dechlorination and ring
cleavage — Generates
dichloropyridinol and open-
chain organic acids

J

-
Final breakdown —
Formation of acetic acid,
formic acid, and CO,,

\ J

Figure 4. Flowchart representing proposed pathway for
Chlorpyrifos degradation by Azotobacter chroococcum
76A. Experimentally confirmed steps are marked with
solid arrows and proposed steps with dashed arrows

retention time of 5.94 minutes. This finding is
consistent with those of the previous studies.??’
Mass spectra and library-based identification
using characteristic fragment ions and molecular
ions (m/z) further confirmed the degradation
process. However, absolute quantification was
not performed because of the unavailability of
certified metabolite standards, and intermediates
were identified qualitatively. In Figure 3, which
presents the mass-spectra, a prominent ion
was observed at m/z 219, which corresponds
to a diagnostic fragment of TMBDS-derivatized
3,5,6-TCP. In addition, a significant fragment at
m/z 93 was detected, which was attributed to
a chlorinated pyridyl ion originating from the
fragmentation of the pyridine ring structure of
TCP. These fragmentation patterns matched the
reference spectra from the NIST Mass Spectral
Library and previous reports, supporting the
identity of the compound as 3,5,6-TCP. Other
intermediates such as chloropyridinone and
non-toxic organic acids, were detected around
a retention time 4.70 min. TCP was transformed
into chloropyridinone by oxidation and then into
dichloropyridinol (retention time 7.84 min) by
dichlorination. This transformation is supported by
microbial degradation and is consistent with the
previous study.? After complete mineralization,
acetic acid and formic acid were formed as final
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Table 3. Represents the summary of the Tukey HSD comparisons for both Chlorpyrifos (CP) and Cypermethrin (CY)
degradation across strains. Mean difference value includes the difference in mean degradation values between
the two strains for a particular pesticide and p-value <0.05 indicates that the difference between two strains is
statistically significant

Pesticides Bacterial Strain Pair Mean p-value Significance
Difference
(%)
Chlorpyrifos (CP) Azotobacter chroococcum 76A vs 3.0 0.001 Yes
Azotobacter sp. N9
Azotobacter chroococcum 76A vs 13.8 0.0001 Yes
Bacillus sp. SKM33
Azotobacter chroococcum 76A vs 16.0 0.0001 Yes
Bacillus subtilis
Azotobacter chroococcum 76A vs 21.4 0.0001 Yes
Bacillus sp. VPS50
Azotobacter chroococcum 76A vs 25.0 0.0001 Yes
Pseudomonas aeruginosa Y12
Azotobacter chroococcum 76A vs Control 75.2 0.0001 Yes
Cypermethrin (CY)  Azotobacter chroococcum 76A vs 7.0 0.002 Yes
Azotobacter sp. N9
Azotobacter chroococcum 76A vs 22.0 0.0001 Yes
Bacillus sp. SKM33
Azotobacter chroococcum 76A vs 25.0 0.0001 Yes
Bacillus subtilis
Azotobacter chroococcum 76A vs 27.0 0.0001 Yes
Bacillus sp. VPS50
Azotobacter chroococcum 76A vs 9.0 0.005 Yes
Pseudomonas aeruginosa Y12
Azotobacter chroococcum 76A vs Control 75.2 0.0001 Yes

Cypermethrin Degradation Over Time By Different Bacterial
Strains
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Figure 5. Line graph showing cypermethrin degradation patterns over 16 days for all isolated bacterial strains and
control. Each line represents a bacterial strain, differentiated by distinct markers. In the graph x-axis represents
residual cypermethrin concentration (in ppm) and y-axis represent number of days of incubation
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Figure 6. GC-MS chromatogram of chlorpyrifos and metabolites formed during the degradation by Azotobacter
chroococcum 76A. Peaks represent detected compounds based on retention time. Peak labelled as 1 corresponds
to 3-phenoxybenzaldehyde (PBA) and 2 as cyano-3-phenoxybenzyl alcohol

Name: Benzaldehyde, 3-phenoxy-

Formula: C13H1002
MW: 198 Exact Mass: 198.06808 CAS#: 39515-51-0 NIST#: 235509 ID#: 201693 DB: mainlib
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Figure 7. GC-MS spectrum of 3-phenoxybenzaldehyde showing the molecular ion peak at m/z 198. In the spectra
x-axis represents m/z ratio and y-axis represents relative abundance
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products. This finding was also observed in
earlier biodegradation studies.?® This stepwise
degradation, presented in Figure 4, demonstrates
the metabolic versatility of the Azotobacter strain

Ester bond hydrolysis
- 3-PBA + Cyano-3-phenoxybenlcohol

v
Oxidation of 3-PBA
— Hydroquinon derivatives

A 4
Ring cleavage and further oxidation
— Maleic acid and Succinic acid
[

v
Complete mineralization
- CO2 and H20

Figure 8. Flowchart representing proposed pathway for
Cypermethrin degradation by Azotobacter chroococcum
76A. Experimentally confirmed steps are marked with
solid arrows and proposed steps with dashed arrows

and underscores their role in the bioremediation
of CP-contaminated environment.

Following the analysis of CP degradation,
the degradation profile of CY by the same ssixisolates
was investigated under similar experimental
conditions, and the results are summarized in
Table 2. Azotobacter chroococcum 76A again
exhibited the highest removal (68.0% by day 16,
from 50.0+ 0.6 ppm to 16.0 £ 0.4 ppm), significantly
different from the otherisolates (ANOVA, F=42.37,
p <0.05). Azotobacter sp. N9 removed 61.0% of the
CY, followed by, Pseudomonas aeruginosa Y12
(59.0%), Bacillus sp. VPS50 (53.0%), Bacillus subtilis
(51.4%), and Bacillus sp. SKM33 (45.2%). In the
uninoculated control, CY degradation was minimal
throughout the 16-day experimental period. The
degradation profiles (Figure 5) mirror the CP
trends, with steep initial declines followed by slow
stabilization phases. Similar to CP, the degradation
curve in Figure 5 shows a rapid reduction in the
CY residue over the first 10 days, followed by a
stabilization phase extending to 16 days.

Subsequent, GC-MS analysis of CY
revealed the formation of primary degradation
products from ester bond hydrolysis, such as
3-Phenoxybenzaldehyde (PBA), with a retention
time of 5.77 min and cyano-3-phenoxybenzyl

Comparitive Degradation of Chloprpyrifos and Cypermethrin by isolated

bactrial strains

1111

Chlorpyrifos
M Cypermethrin

Bacterial strains

>
‘0
&

Figure 9. Degradation percentage of chlorpyrifos and cypermethrin by selected bacterial isolates and control on
day 16 of incubation. Each bar presents the mean degradation percentage of the respective pesticide by individual

bacterial strains
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alcohol and its derivatives at approximately
7.0 min (Figure 6). Identification was based on
matching the retention times and characteristic
mass spectral fragment ions with the library data.
The mass spectrum of the degradation product,
shown in Figure 7, exhibits a prominent molecular
ion at m/z 198, corresponding to the molecular
weight of 3-PBA. The formation of 3-PBA has been
reported in several studies.?3! The detection of
cyano-3-phenoxybenzyl alcohol was consistent
with the results of previous study.3 Minor peaks
corresponding to other non-toxic metabolites
were also observed. Studies on the bacterial
metabolism of pyrethroids have documented
the formation of hydroquinone derivatives and
their subsequent breakdown into maleic acid and
succinic acid, indicating progressive breakdown
toward complete mineralization.®® A sequential
presentation of the proposed CY degradation
pathway by Azotobacter chroococcum 76Ais shown
in Figure 8. The degradation pathway confirmed
the metabolic adaptability of the Azotobacter
strain for the eco-friendly detoxification of CY.
The comparative degradation percentages
of CP and CY by all six bacterial strains, including
the uninoculated control, on day 16 are depicted
in the bar graph (Figure 9). For both pesticides,
Azotobacter chroococcum 76A consistently
demonstrated the highest biodegradation
efficiency (85% CP, 68% CY), followed by
Azotobacter sp. N9 (82% CP, 61% CY). The Tukey
HSD test when used to compare CP and CY
degradation across different bacterial strains
summarized in Table 3, also provided evidence that
Azotobacter chroococcum 76A significantly differs
from other strains in degrading both pesticides.
The two Azotobacter isolates outperformed the
Bacillus and Pseudomonas strains, likely because
of their potent plasmid-encoded hydrolases
and oxidases that facilitate rapid hydrolysis
and downstream metabolism. These results
highlight the potential of Azotobacter strains for
effective bioremediation of organophosphorus
and pyrethroid contaminants. The results of this
study also indicated that pesticide degradation
by the isolated strains occurred through direct
utilization rather than co-metabolism. This
finding is supported by the use of a MSM lacking
alternative carbon sources, which ensures that the

pesticide serves as the sole or primary source of
carbon and energy.

CONCLUSION

The present study emphasizes the
biodegradation potential of six phyllosphere-
associated microbial isolates for two widely
applied pesticides, CP and CY. Most studies have
isolated pesticide-degrading bacteria from soil
and water, whereas the phyllosphere, which is an
underexplored habitat, is the niche of naturally
selected degraders. Among the tested strains,
Azotobacter chroococcum 76A exhibited the
highest degradation efficiency of both compounds.
The degradation kinetics, supported by GC-MS/MS
analysis, revealed key intermediates including TCP,
chloropyridinone, and 3-PBA, which were further
broken down into simpler, non-toxic organic acids
and putatively mineralized to CO, and H,0.

These findings suggest that Azotobacter
chroococcum 76A has a substantial potential for
integration into bioremediation strategies aimed at
detoxifying pesticide-contaminated environments.
These bacteria are already plant-associated,
indicating that they are more eco-friendly.
Furthermore, the elucidated metabolic pathways
provided valuable insights into the microbial
degradation mechanisms of organophosphate and
pyrethroid pesticides, offering a foundation for
future research in environmental biotechnology
and sustainable pest management. Introducing
this bacterial strain back into the field did not
disturb the natural microbial community, which is
important for sustainable agriculture. Azotobacter
chroococcum is a nitrogen-fixing bacterium that
could be a versatile candidate for inclusion in
the microbial consortia used in bioaugmentation
because of its ability to degrade pesticides and
enrich plant nutrients. However, field-scale
validation and biosafety assessments under
regulatory guidelines (e.g., CPCB and MoEFCC in
India) are needed. Future studies should prioritize
comprehensive genomic and transcriptomic
analyses of Azotobacter strains to provide deeper
insights into the specific metabolic enzymes
responsible for biodegradation and the genetic
basis of their degradation capabilities.
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