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field soil also displayed a greater native degradation 
capacity than garden soil, possibly due to greater 
pesticide exposure. CP-inoculated soil spiked with 
a 3-strain consortium exhibited the highest degrada-
tion rate, with 78.55% of CP degraded within 48  h. 
Overall, degradation kinetics for augmented and 
non-augmented soil samples showed that CP had an 
average half-life of 1.03 and 5.45 days, respectively. 
The outcome of this study suggests that while native 
agricultural populations are capable of CP degrada-
tion, supplementing contaminated soil with a bacte-
rial consortium consisting of Pseudomonas putida 
CBF10-2, Ochrobactrum anthropi FRAF13, and 
Rhizobium radiobacter GHKF11 could be a highly 
efficient and safe biological approach to facilitating 
rapid and efficient CP degradation in agriculture.
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Abbreviations 
CP	� Chlorpyrifos
DETP	� Diethylthiophosphate
EPA	� Environmental Protection Agency
GC-MS	� Gas chromatography-mass spectrometry
IS	� Internal standard
MRM	� Multiple reaction monitoring
MSM	� Modified mineral medium
OP	� Organophosphate
PTE	� Phosphotriesterase

Abstract  Chlorpyrifos (CP) is a widely used 
organophosphate (OP) insecticide and a potent envi-
ronmental neurotoxin. This research focuses on the 
potential of bacteria, both native to agricultural soil 
and part of a designed consortium composed of labo-
ratory strains, to completely degrade CP and its toxic 
metabolites. Metabolite production and degradation 
kinetics analysis through gas chromatography-mass 
spectrophotometry (GCMS) analysis was conducted 
on native soil samples and compared to soil spiked 
with different combinations of bacterial consortia 
over 7 days to determine the effectiveness of CP deg-
radation in both non-augmented and augmented soil. 
GCMS analysis of augmented soil samples inoculated 
with putative microbial CP degradation activity iden-
tified four CP metabolites, including 3,5,6-trichlo-
ropyridinol (TCP), phosphorothioic acid, fumaric 
acid, and ethanol. Non-augmented ranch and crop 
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TCP	� 2-Hydroxy-3,5,6-
trichloropyridine1  Introduction

Organophosphate (OP) compounds are highly toxic 
acetylcholinesterase inhibitors and among the most 
widely used pesticides in agriculture. The adverse 
effects of their wide usage worldwide directly con-
tribute to approximately 300,000 deaths, with more 
than three million people adversely affected annu-
ally (Eyer, 2003; Iyer et  al., 2015a; Karalliedde, 
1999; Singh & Walker, 2006; Sogorb et al., 2004). 
The persistence and retention of these pesticides 
and their metabolites in the environment is a signifi-
cant concern for the safety of both human and envi-
ronmental health.

Chlorpyrifos (CP), O, O-Diethyl O-3, 5, 
6-trichloropyridin-2-yl phosphorothioate, is an OP 
insecticide used as the primary ingredient in several 
commercial pesticide formulations that kill insect 
pests across a wide variety of food crops. CP has 
been used in the USA as a pesticide in this manner 
since 1965. Non-agricultural uses include control-
ling insect pests on golf courses, turf, greenhouses, 
non-structural wood treatments, as mosquito adulti-
cide, and in roach and ant bait stations. CP is regis-
tered for use in nearly 100 countries and is applied 
to approximately 8.5 million crop acres (DOW 
Chemical Company, 2020). CP remains one of the 
most used insecticides in the USA (Vogel, 2016). 
However, greater restrictions have been placed 
on the insecticide in the USA, limiting its range 
of application predominantly to agriculture. Most 
notably, residential use of CP was banned in the 
USA in 2001 (US EPA, 2002). Furthermore, due to 
its impact on child development, in August 2018, 
the US 9th Circuit Court of Appeals ordered the 
EPA to ban CP’s sale in the USA within 60  days. 
However, no governmental action at the national 
level has been taken to date, leaving states to make 
a decision on an independent basis (Washington 
Examiner, 2018).

As a highly toxic neurotoxin, CP can adversely 
impact many non-target organisms. Agricultural 
soil is often contaminated due to the widespread 
use of CP as well as through mishandling of the 
compound and accidental spillage (Briceño et  al., 
2012). In such instances, soil microbiota is likely to 
be affected. This can lead to the loss of soil fertility 

and, by association, plant growth resulting in losses 
to crop productivity (Fang et al., 2009). CP residue 
and its metabolites cause widespread contamina-
tion of aquatic ecosystems, often leaching into sur-
face water and nearby groundwater sources. Many 
reports indicate that a wide range of water and ter-
restrial ecosystems are persistently co-contaminated 
through this process, impacting different biota and 
disrupting biogeochemical cycling (Horne et  al., 
2002; Tse et al., 2004).

CP’s persistence in soil depends on the formula-
tion, rate of application, soil type, climate, native 
microbial community, and availability of desired 
genes among microbial populations to degrade CP 
(Gao et  al., 2012; Kamrin, 1997; Roberts & Hut-
son, 1999; Singh & Walker, 2006). As such, the 
half-life of CP in the soil can vary between 7 and 
120  days (Singh & Walker, 2006). The predicted 
pathway of the aerobic transformation of CP can 
be seen in Fig. 1 and leads to the formation of two 
toxic metabolites, TCP and DETP (Singh & Walker, 
2006). TCP is persistent and mobile with a half-life 
ranging from 65 to 360 days in the soil, which can 
also depend on various factors such as soil type, pH, 
moisture, microbial activity, climate, and other con-
ditions. The accumulation of TCP in soil or liquid 
medium often limits CP degradation and inhibits 
microorganisms’ proliferation. Some microbial spe-
cies can further metabolize TCP and DETP as a car-
bon and phosphorus source as needed (Singh et al., 
2004) (see Fig. 1).

We hypothesized that natural biodegradation 
of CP, where it exists, would be a relatively slow 
process as few microorganisms in each population 
are likely to possess the requisite CP degradation 
genes. However, this process may be expedited by 
the addition of a specialized bacterial consortium. 
In this manuscript, we first identify metabolites 
related to microbial degradation of CP in different 
agricultural soil types to determine the rate at which 
chlorpyrifos is metabolized in these samples by 
native bacterial populations. Lastly, we discuss the 
impact of a specialized soil consortium developed 
from three OP-degrading strains, Pseudomonas 
putida CBF 10–2, Ochrobactrum anthropi FRAF13, 
and Rhizobium radiobacter GHKF11 from the Iyer 
Laboratory on its removal through enhanced biore-
mediation (Iyer et al., 2018).
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Fig. 1   Proposed pathway 
for microbial chlorpyrifos 
degradation. As shown in 
Singh & Walker, 2006
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2 � Materials and Methods

2.1 � Chemicals, Equipment, and Microorganisms

CP was purchased from Sigma-Aldrich (USA). Hex-
ane was used as a solvent to dissolve 100  mg pure 
white CP powder to make 1 mL final volume of CP 
solution stored in an amber glass bottle at room tem-
perature. Cobalt chloride, zinc sulfate, magnesium 
sulfate, calcium nitrate, iron sulfate, Luria–Bertani 
media, acetonitrile, and hexane were all purchased 
from Sigma-Aldrich (USA). A gas chromatography-
mass spectrophotometer (GCMS) unit was pur-
chased from Shimadzu Corporation (Japan). The 
UV–Vis spectrophotometer and costar 96 flat trans-
parent plates used for optical density readings were 
purchased from Tecan and the centrifuge unit from 
Eppendorf.

Consortia microorganisms, P. putida CBF 10–2, 
O. anthropi FRAF13, and R. radiobacter GHKF11 
(Iyer et  al., 2018), were grown from glycerol stock 
taken from a library of putative OP-degrading bacte-
ria housed in the Iyer Laboratory (Iyer et al., 2015b).

2.2 � Growth Media and Culture Condition

Bacterial cultures were grown in Luria–Bertani 
(LB) medium, and mineral salt medium (MSM) 
used to conduct all CP biodegradation tests (pH 
7.0 and temp 30  °C) contained (g/L) K2HPO4, 1.5; 
KH2PO4, 0.5; (NH4)2SO4, 0.5; MgSO4.7H2O, 0.2; 
and 5 μL/L of 1  M CoCl2.6H2O solution. One mil-
liliter of K12 trace element solution composed of 
(g/L) NaCl, 5.0; ZnSO4.7H2O, 4.0; MnCl2.4H2O, 4.0; 
FeCl3.6H2O, 4.7; CuSO4.5H2O, 4.0; H3BO3, 0.575; 
NaMoO4.2H2O, 0.5; and 12.5 mL of 6 N H2SO4 was 
also added to the MSM.

2.3 � Sample Collection

Three soil samples were collected from three sepa-
rate locations: a ranch near Fairchild, TX, (29.4225° 
N, 95.8007° W), a residential garden in Jersey Vil-
lage, TX, (29.8979° N, 95.5703° W), and a cotton 
field near Pecan Grove, TX, (29.6239° N, 95.7191° 
W). The soil was collected only from the upper 
layer (7–12 cm) and placed in a 50 mL amber tube 

to minimize degradation from light exposure. Soil 
samples were stored for the duration of the project 
at room temperature in amber tubes.

2.4 � Growth of Consortia Strains and Biodegradation 
of Chlorpyrifos

Selected strains were tested for their capacity to 
utilize CP as a carbon source when inoculated 
into MSM medium. The bacterial strains P. putida 
CBF10-2, O. anthropi FRAF13, and R. radiobac-
ter GHKF11 were each inoculated into LB (10 mL) 
and then incubated at 37 °C for 24 h. Next, 200 μL 
of each sample was transferred into Costar 96 flat 
transparent wells, and the optical density was read 
at a wavelength of 600 nm in a Tecan UV–Vis spec-
trophotometer. Once all samples had shown an opti-
cal density reading of 1.0, they were spun down at 
4000 rpm for 8 min. The supernatant was discarded, 
and the pellet resuspended into 5 mL MSM media 
supplemented with CP (400  mg/L). The MSM 
culture tubes were incubated on a rotary shaker at 
200 rpm for 6 days at 30 °C. Optical density read-
ings at 600 nm were taken every 48 h.

Biodegradation capacity of different soil popula-
tions against CP was analyzed with respective soils 
in MSM medium over 7 days. This experiment was 
carried out to compare sterilized, non-sterilized, 
and augmented (spiked with putative CP degrada-
tion bacteria) soil samples when amended with 
CP. CP-inoculated sample soils were designated 
as non-augmented cultures. CP-inoculated sample 
soils spiked with P. putida CBF10-2, O. anthropi 
FRAF13, and R. radiobacter GHKF11 bacterial 
strains were defined as augmented cultures. All tests 
were conducted in triplicates. Degradation analy-
sis was performed in 50-mL culture tubes contain-
ing 5  g of sample soil and 20  mL of autoclaved 
MSM inoculated with 200  mg/L concentrations of 
CP. The samples were then incubated in the dark at 
30  °C on an orbital shaker at 150  rpm for 7  days. 
For degradation analysis, an aliquot of 1 mL culture 
was withdrawn at regular intervals for 7  days, and 
degradation was evaluated through GCMS analysis. 
Parathion solubilized in hexane was used as a series 
of internal standards ranging from 0.1 to 100  mg/
mL, while CP-inoculated sterilized soil and MSM 
media were used as controls.
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2.5 � Sample Extraction for GCMS Analysis

Samples obtained from culture tubes were extracted 
with hexane prior to GCMS analysis. Samples were 
thoroughly shaken for 1  min to obtain homogeneity, 
and then 1 mL aliquots of each sample were placed into 
centrifuge tubes. An equal amount of hexane (1  mL) 
was added for extraction of the organic layer, and cen-
trifugation was conducted at 4000 rpm for 10 min. The 
organic layer was extracted and transferred to a new 
clean storage tube. For GCMS analysis, the organic 
layer was diluted 1:10 with additional hexane and trans-
ferred into a 1.5 mL GCMS sample vial.

2.6 � Real‑Time GCMS Analysis

Gas chromatography-mass spectrometry (GCMS) 
analyses were performed with a Shimadzu GCMS-
TQ-8040, equipped with auto-sampler, on-column, 
auto-injector, split/splitless capillary injection system, 
and an Rtx-5MS capillary column (30.0  m length 
by 0.25  mm diameter and 0.25  μm film thickness). 
Helium was used as the carrier gas with a constant 
flow rate of 1.0 mL/min and at a pressure of 89.4 kPa. 
The flow control mode was under linear velocity 
40.7 cm/s, the total flow was 28.1 mL/min, and col-
umn flow was set to 1.20 mL/min. Purge flow was set 
to 3.0 mL/min, and the split ratio was 20.0. The chro-
matography program was as follows: initial column 
oven temperature 100  °C, a temperature increase of 
10 °C/min, and final heating to 240 °C. The injector 
and detection temperatures were 250 °C and 300 °C, 
respectively. Sampling was done at 1-min inter-
vals, with a sampling start time set at 2 min and an 
end time 25 min later for a total run time of 28 min. 
Under these conditions, chlorpyrifos eluted as a peak 
at a retention time of 16.26  min. The instrument 
detection limit was approximately 100 pg for chlorpy-
rifos. CP and other metabolites were identified using 
NIST MS library software and by comparing reten-
tion time (RT) and the MS fragmentation profiles 
generated from standardized pure samples of each 
target compound.

2.7 � Kinetics Analysis

Kinetics was determined by plotting log CP residues 
against time. The following algorithms were used, as 
seen in Eqs. (1) and (2).

where Ct is the concentration at time t, C0 is the 
initial concentration, e is the base, k is the rate con-
stant of decline 1/days, and t is time.

where ln is natural log.
In C was plotted against time t, and a straight-line 

regression equation was obtained.
The slope of the regression equation gives value 

for rate constant “k.”

The concentration of CP was calculated using the 
following equations:

3 � Results

3.1 � Growth Patterns of Bacterial Strains in 
Chlorpyrifos‑Supplemented MSM

The growth pattern of P. putida CBF10-2, O. anthropi 
FRAF13, and R. radiobacter GHKF11 (individually 
and combined) in MSM supplemented with CP and 
without CP (control) is shown in Fig. 2. The growth 
rate of each strain in CP was significantly higher than 
the control after 48 h. Following 48 h, both the test 
samples show falling cell densities that continue to 
decline until the end of the experiment. Overall, P. 
putida CBF10-2 and R. radiobacter GHKF11 show 
comparable increases in cell density. O. anthropi 
shows only a small increase compared to its control, 
but cell density does not decline as steeply after 48 h. 
A comparable increase in cell density is measured in 
the bacterial consortium in CP-supplemented MSM, 
shown in Fig. 3. However, cell growth is extended for 
24 h, as only after 96 h does the consortium begin to 
decline.

(1)Ct = COe − kt

lnCt = lnCO − kt

(2)

Half − life is the time required to reduce 50% of the initial concentration.

Half − life (DT50 = natural log (2)∕k

Response factor =
Peak area of Internal Standard (IS)

Concentration of Internal Standard (IS)

The concentration of test sample =
Peak area of test sample

Response factor
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3.2 � Results of GCMS Analysis: Chlorpyrifos 
Metabolites and Pathway Prediction

Chromatographic analysis reveals CP’s molecu-
lar weight of 350.59  g/mol and a retention time 
of 16.247  min. The primary metabolite TCP or 
2-hydroxy-3,5,6-trichloropyridine was found with a 
molecular weight of 197  g/mol and retention time 
of 18.273, as seen in Fig. 4. TCP, which is consid-
ered the most toxic and primary metabolite of CP, 
was more abundant in augmented soil samples but 
only within the first 24  h after inoculation. After 
24 h, the presence of TCP disappears from the test 
medium. Multiple secondary metabolites at low 
concentrations were observed after 24  h, includ-
ing phosphorothioic acid and ethanol, which are 
derived from the breakdown of DETP. Fumaric acid 
was also observed and is a probable breakdown 
product of TCP.

3.3 � Biodegradation of Chlorpyrifos in Soil Samples

The ability of the selected bacterial strains to degrade 
CP in soil was studied using parathion as an inter-
nal standard, sterilized soil as a control, and non-
augmented natural soil and augmented natural soil 
inoculated with the three-strain bacterial consortium. 
The results obtained from GCMS analysis showed 
that the CP degradation dynamics differ significantly 
between test conditions. CP degradation in soil sug-
gested a time-dependent disappearance that fol-
lowed first-order kinetics. Multiple combinations of 
bacterial consortia were tested to determine differ-
ences in CP biodegradation. The results are shown in 
Figs. 5, 6, and 7. Composition of bacterial consortia 
was as follows: A + B + C: P. putida, + R. radiobac-
ter + O. anthropi, A + B: P. putida, + R. radiobacter, 
B + C: R. radiobacter + O. anthropi, and C + A: O. 
anthropi + P. putida. Ranch soil samples resulted in 
complete degradation in all test samples by the end of 

Fig. 2   Growth of bacterial strains in chlorpyrifos-supple-
mented MSM. P. putida CBF10-2,  control for P. 
putida CBF10-2, O. anthropi FRAF13,  control for 
O. anthropi FRAF13, R. radiobacter GHKF11,  

control for R. radiobacter GHKF11. Error bars represent a 
confidence limit of 95%. The optical density of isolates was 
measured at 600 nm

Fig. 3   Growth of bacterial 
consortium in chlorpyrifos-
supplemented MSM. The 
consortium was composed 
of P. putida CBF10-2, O. 
anthropi FRAF13, and R. 
radiobacter GHKF11. Error 
bars represent a confidence 
limit of 95%. The optical 
density of the consortium 
was measured at 600 nm
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the experiment on day 7. The rate of degradation var-
ied based on the composition of the consortium used. 
In general, the addition of P. putida and an additional 
strain to the consortium increased the degradation 
rate. Garden soil samples show comparatively less 
biodegradation over time. However, applied CP was 
eventually completely degraded in all augmented 
samples except for a two-strain bacterial consortium 
composed of Pseudomonas putida and Ochrobactrum 
anthropi. Farm soil samples reveal that the applied 

CP was completely degraded in all samples except in 
two-strain bacterial consortia composed of P. putida 
and R. radiobacter or R. radiobacter and O. anthropi.

Augmented soil with a complete three-strain 
consortium exhibited higher CP degradation as 
compared to non-augmented soil samples, as 
seen in Fig.  8. In uninoculated sterilized soil, it 
was found that approximately 78.02% of the ini-
tial CP persisted till the end of the 7-day incuba-
tion period. Augmented soil samples were able to 

Fig. 4   GCMS analysis results obtained for the presence of chlorpyrifos in soil samples and its primary metabolite, TCP

Fig. 5   Comparison of 
bacterial consortia for 
biodegradation of chlor-
pyrifos (200 mg/L) on 
Fairchild ranch soil sam-
ple.  (-) control,  
Non-augmented sam-
ples,  A + B + C,  
A + B,  B + C,  
A + C. Error bars represent 
a confidence limit of 95%
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degrade 100% of CP within 7 days, while non-aug-
mented native soil showed significant if compara-
tively less degradation over the same period (see 
Fig. 8).

3.4 � Kinetics of Chlorpyrifos Biodegradation

Ranch soil demonstrated the most rapid degradation 
among non-augmented soil samples throughout this 

Fig. 6   Comparison of 
bacterial consortia for 
biodegradation of chlorpy-
rifos (200 mg/L) on Jersey 
Village garden soil sam-
ple.  (-) control,   
non-augmented sam-
ples,   A + B + C,   
A + B,  B + C,  
A + C. Error bars represent 
a confidence limit of 95%

Fig. 7   Comparison of 
bacterial consortia for 
biodegradation of chlorpy-
rifos (200 mg/L) on Pecan 
Grove farm soil sam-
ple.   (-) control,   
non-augmented sam-
ples, A + B + C,  
A + B,  B + C,   
A + C. Error bars represent 
a confidence limit of 95%

Fig. 8   Comparison of different soil sample sources for bio-
degradation of chlorpyrifos (200 mg/L).  (-) control,  
non-augmented ranch soil, Non-augmented garden 

soil,  Non-augmented farm soil,  augmented ranch 
soil, Augmented garden soil,  Augmented farm soil. 
Error bars represent a confidence limit of 95%
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experiment. Notably, while all augmented soil sam-
ples improved the overall degradation rate, ranch 
soil showed the least improvement when spiked with 
bacterial consortia. In contrast, garden soil appeared 
to benefit the most from the addition of the bacterial 
consortium.

As seen in Table  1, both controls and non-aug-
mented soil show significantly less degradation than 
augmented soil samples over the 7-day test duration. 
The average half-life for controls and non-augmented 
soil samples were 25.02 and 5.45 days, respectively. 
Among augmented soil, the average half-life ranged 

from 4.52 to 1.03. The differences between aug-
mented, non-augmented, and sterile soil can be seen 
in Fig. 9.

4 � Discussion

The present study describes the functional characteri-
zation of soil bacteria to degrade CP and its metabo-
lites in contaminated soil. Degradation of CP involves 
both chemical hydrolysis and microbial activity. 
Maintaining an optimal culture environment (pH 7–8, 

Table 1   Kinetic studies of chlorpyrifos degradation in soil samples in various microbiologically active soils at an initial concentra-
tion of 200 mg L−1

Soil treatments Soil sources Regression equations R2 Rate constant K 
(day−1)

T1/2 (days)

Control  − 0.0277t + 1.6058 0.56 0.03 25.02
Non-augmented soil samples Ranch  − 0.3787t + 1.0604 0.99 0.38 1.83

Garden  − 0.0993t + 1.1973 0.68 0.10 6.98
Farm  − 0.092t + 1.2473 0.10 0.09 7.53

Augmented soil samples A + B + C (P. 
putida + R. radiobacter + O. anthropi)

Ranch  − 0.7182t + 1.4401 0.96 0.72 0.97
Garden  − 0.451t + 1.3964 0.98 0.45 1.54
Farm  − 1.2008t + 1.5302 1.00 1.20 0.58

A + B (P. putida + R. radiobacter) Ranch  − 0.2997t + 1.3668 0.10 0.30 2.31
Garden  − 0.1712t + 1.1357 0.91 0.17 4.05
Farm  − 0.0962t + 1.1222 0.38 0.01 7.21

B + C (R. radiobacter + O. anthropi) Ranch  − 0.3926t + 1.503 0.10 0.40 1.77
Garden  − 0.3855t + 1.2978 1.00 0.39 1.80
Farm  − 0.1393t + 1.3035 0.50 0.14 4.98

C + A (O. anthropi + P. putida) Ranch  − 0.5077t + 1.524 0.86 0.51 1.37
Garden  − 0.1243t + 0.9927 0.50 0.12 5.58
Farm  − 0.1809t + 1.4165 0.90 0.18 3.83

Fig. 9   Comparison of 
different soil treatments for 
biodegradation of chlorpy-
rifos. Error bars represent a 
confidence limit of 95%
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30  °C) is critical as the temperature and pH of the 
soil and water significantly affect the efficiency of the 
microorganisms to degrade chlorpyrifos (Racke et al., 
1996; Singh et  al., 2003, 2006). Metabolites pro-
duced during CP degradation throughout this study 
confirm that the first step of its metabolic pathway 
was hydrolysis of the O-P ester linkage to make TCP 
and likely DETP. The presence of TCP was readily 
detected in both non-augmented and augmented soil 
samples. However, throughout this study, DETP was 
not identified, possibly due to its polarity and lack of 
retention with the utilized chromatographic condi-
tions. Biodegradation of TCP is a crucial part of the 
remediation of CP-contaminated sites. If left accu-
mulated, TCP will affect the soil’s underlying micro-
bial populations because of its inherent antimicrobial 
properties. Notably, TCP was not persistently found 
after 48 h, particularly in augmented soil, due to its 
subsequent degradation. As such, it was unlikely to 
have significantly repressed CP biodegradation.

Average CP degradation was observed to be higher 
in non-augmented soils than the sterilized control soil 
by day 2. This finding confirms that the indigenous 
microbes in each soil sample did contribute to the 
overall degradation of CP. Among the different soil-
tested types, both ranch and crop native field soil 
samples exhibited higher biodegradation properties 
than the garden soil samples. This result is not unex-
pected given that CP is banned from residential use 
but not from agricultural use. Therefore, garden soil 
is not expected to be as exposed to CP, which would 
have a significant impact on the overall distribution of 
OP-degrading and non-OP-degrading bacteria in such 
an environment. By comparison, both ranch soil and 
crop field soil are likely to be more abundant sources 
of OP-degrading bacteria.

Degradation of CP was significantly higher in aug-
mented soil than non-augmented soil indicating the 
high bioremediation potential of the strains compos-
ing the bacterial consortia. The observed enhance-
ment in CP utilization can be attributed to the fact 
that the inoculation of soil with our consortium led 
to increased catabolic potential without negatively 
impacting existing population dynamics. While the 
biodegradation properties of two-strain bacterial con-
sortia showed variance in their biodegradation abil-
ity depending on the source and nature of the soil, in 
all instances, the three-strain consortium exhibited 

improved biodegradation properties over all other 
combinations. Specifically, a consortium composed 
of P. putida CBF10-2, O. anthropi FRAF13, and R. 
radiobacter GHKF11 degraded an average of 78.55% 
of CP within 2 days and had obtained complete deg-
radation by the end of the test duration. Degradation 
kinetics were determined using a first-order rate equa-
tion Ct = C0 × e − kt because the disappearance of CP 
was noted to be time-dependent. The rate constant 
(K) for CP degradation by the three-strain bacterial 
consortium in soil ranged from 0.45 to 1.20 days with 
a half-life (T1/2) of 0.58–1.54 days, depending on the 
soil source. By comparison, one notable CP-degrad-
ing strain of Serratia marcescens was capable of 
degrading CP at a rate constant ranging from 0.017 to 
0.052 d−1 with T1/2 of 13.6–37 days in several types 
of soils (Cycon et al., 2013).

In summary, this study provided novel insights 
into the bacterial capacity for bioremediation of CP 
under simulated environmental settings, which rep-
resents a positive step in designing an effective field 
strategy and protocol for remediation of CP-contam-
inated agricultural soil. The appearance of 4 metabo-
lites, 2 hydroxy-3,5,6-trichloropyridine (TCP), phos-
phorothioic acid, fumaric acid, and ethanol found 
through GCMS analysis suggests that native bacteria 
soil populations readily work in concert to mineral-
ize CP, with populations putatively exposed to more 
pesticides demonstrating increased biodegradation 
characteristics. In addition, the three-strain consor-
tium composed of P. putida CBF10-2, O. anthropi 
FRAF13, and R. radiobacter GHKF11 could be a 
highly desirable candidate for use in CP bioremedia-
tion strategies across a variety of agricultural settings 
given their overall efficiency and low pathogenicity.
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