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Abstract Profenofos (PF) is one of the heavily used organo-
phosphorus pesticides (OPPs) of which its contamination is
ubiquitous in an agricultural area. This study aims to acquire
and characterize PF-degrading bacterial cultures from contam-
inated soil. OPP degradation by the novel isolates was then
investigated. The experiment was performed at the initial PF
concentration of 20 mg/L. The result showed that the enriched
consortium comprised three predominant PF-degrading
strains designated as PF1, PF2, and PF3. The isolates (PF1,
PF2, and PF3) were characterized as Pseudomonas
plecoglossicida, Pseudomonas aeruginosa, and P. aeruginosa,
respectively. A consortium and all isolates could utilize PF as
a sole carbon source with PF removal of more than 90 % via a
hydrolysis process. The bacterial growth and PF degradation
rates followed the first-order kinetic reaction with the rates of
0.4 t02.7/hand 0.15 to 1.96/h, respectively. Additional carbon
supplement deteriorated PF biodegradation. The enriched
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cultures were also capable for degrading chlorpyrifos and
dicrotophos pesticides (33—73 % removal). The results indi-
cated that the consortium and isolates are efficient for PF and
other OPP degradation and have potential for PF remediation.

Keywords Biodegradation - Insecticide - Isolation -
Organophosphorus - Profenofos - Pseudomonas

Introduction

Organophosphorus pesticide (OPP) has been developed for
agricultural purpose for years. One third of pesticides used
globally belong to OPP because they are efficient and inex-
pensive (Kanekar et al. 2004; Singh and Walker 2006; Cycon
et al. 2009). This results in OPP contamination in environ-
mental media including soil, groundwater, and surface water
(Roverdatti 2001; Kanekar et al. 2004). Among pesticides
under OPP, profenofos (O-4-bromo-2-chlorophenyl O-ethyl
S-propyl phosphorothioate), C;;H;5sBrClO;PS, is one of
OPPs broadly used in many countries, such as Thailand,
Vietnam, and India (Swarnam and Velmurugan 2013; Toan
et al. 2013). Profenofos (PF) is normally used for pest control
in cotton, fruit, chili, and vegetable cultivation. Intensive use
of PF leads to its contamination in the environment.
Bioremediation is one of the effective environmental treat-
ment technologies (Siripattanakul et al. 2009). The technique
has been successfully applied for OPP remediation (Xu et al.
2008; Cycon et al. 2009). The technique involved enrichment
of pesticide-degrading microbial cultures and the utilization of
the enriched cultures for removing pesticides later on. So far,
there are only a few publications on enrichment and isolation
of PF-degrading bacteria such as the enrichment of the
degrading cultures (Malghani and Chatterjee 2009;
Malghani et al. 2009; Salunkhe et al. 2013). Also, there is
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limited information on PF biodegradation kinetics and poten-
tial biodegradation pathway.

This study aimed to enrich and identify indigenous PF-
degrading cultures from heavily PF-contaminated soil. Deg-
radation of PF by an enriched consortium and predominant
isolated strains was subsequently performed. The possibility
of additional carbon supplement on PF degradation was car-
ried out. This work also determined a potential PF degradation
pathway using detection of degradative intermediate metabo-
lites. The PF-enriched cultures could later on be applied for
treatment of PF-contaminated sites. The basic knowledge of
the degradation kinetics and pathway could be used to ensure
the optimal treatment operation.

Materials and methods
Chemicals

Commercial-grade OPPs including Profenofos SO0EC (50 %
w/v EC, Syngenta Crop Protection Co., Bangkok, Thailand)
were used in the degradation assay experiment. PF, chlorpyr-
ifos (CF), and dicrotophos (DP) (analytical standard grade,
Supelco, Sigma Chemical Co., Singapore) were used for OPP
analysis. All other chemicals for bacterial medium preparation
and OPP analysis were of analytical and HPLC grades, re-
spectively, purchased from local chemical distributers.

Enrichment and isolation of PF-degrading cultures

PF-degrading bacteria were enriched from PF-contaminated
chili farm soil (Ubon Ratchathani, Thailand). The culture
enrichment and isolation procedures were as follows. Air-
dried soil sample (20 g) from the site was mixed in the PF-
containing basal salt medium (100 mL), incubated on a rotary
shaker at 100 rpm and 30=+2 °C for 2 weeks. The soil suspen-
sion (10 mL) was used as the inoculum and inoculated into the
PF-containing fresh medium (100 mL). Then, the re-
cultivation was conducted for four times repeatedly. The
enriched consortium was subcultured into the PF-containing
medium for every 2 weeks to obtain a stable PF-degrading
consortium. The enriched consortium was purified by spread-
ing and streaking-plate techniques. All plates were incubated
at 30+2 °C for 14 days. Single colonies were obtained after
several streaking-plate cultivations.

Formulation of PF-containing basal salt medium included
KH,PO,4 0f 3.0 g/L, NH4Cl of 1 g/L, NaCl of 0.5 g/L, MgSO,
0f0.25 g/L, and PF of 20 mg/L (in 10 mM of phosphate buffer
solution, pH 7.0). All chemicals except PF were sterilized by
autoclave, while PF was filtered sterilely. Agar of 2.0 % (w/v)
was added in agar medium preparation.

Identification of PF-degrading isolates

Colony and cell morphology of the isolated cultures were
preliminarily observed using traditional microbiological
methods. The isolates were classified by a biochemical test
(API identification system) by the Bioscience Department,
Thailand Institute of Scientific and Technology Research
(TISTR), and 16S ribosomal RNA (rRNA) sequence analysis.
Each bacterial culture was cultivated overnight. The genomic
DNA from each culture was extracted using a standard boiling
method. The 16S rRNA gene fragment was amplified from
the genomic DNA by the polymerase chain reaction (PCR)
using the bacterium-specific primers: a 63f-forward primer (5’
CAGGCCTAACACATGCAAGTC3') and a 1,387r-reverse
primer (5GGGCGGWGTGTACAAGGC3') (Marchesi et al.
1998). A 25-uL PCR reaction mixture was prepared accord-
ing to the manufacturer’s protocol (Fermentas, USA).

The 16S rRNA amplification was performed in a thermal
cycler (PerkinElmer model-2400, USA) with the following
conditions: 94 °C (3 min), followed by 30 cycles of 95 °C
(1 min), 55 °C (1 min), and 72 °C (1.5 min), with a final
extension of 72 °C (5 min). The PCR product was then cloned
into pGEM-T Easy vector (Promega, USA) and transformed
into competent Escherichia coli DH5x cells. The plasmid
DNA was then isolated using the QIAprep Spin Miniprep kit
(Qiagen, the Netherlands) and sequenced (Macrogen, Korea).
The partial 16S rRNA gene sequence of the isolates was
analyzed using the nucleotide BLAST (BLASTN) algorithm
of the National Center for Biotechnology Information
(NCBI).

PF biodegradation assay

Duplicate batch experiments of PF biodegradation by the
consortium and the isolated cultures were conducted. The
experiments with and without additional carbon supplement
were performed. The consortium and isolates were shaken in
the 200-mL medium with the initial PF concentration of
20 mg/L on a rotary shaker at 100 rpm and 30+2 °C for
4 days. For the experiment with additional carbon sources,
sodium succinate (C4H404Na,-6H,0), sodium acetate
(C,H,0;Na), and glucose (C¢H1,04°-H,0) of 500 mg carbon
per liter were added. The consortium was chosen for the
experiment with additional carbon supplement. PF concentra-
tion and cell number (viable plate count) measurements were
performed daily. Abiotic control test (without bacterial cul-
tures) was also performed. The PF residual was analyzed
using a gas chromatograph with a mass selective detector
(GC-MSD). The bacterial growth and PF degradation kinetic
rates were then calculated.

The PF biodegradation assays at PF concentrations of 20—
120 mg/L were conducted to identify PF intermediates and the
potential PF degradation pathway. The experiment was
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performed similarly to an earlier assay with different PF
concentrations. The PF degradation intermediate peak was
monitored using GC-MSD along with PF detection.

Biodegradation assay of selected OPPs

Degradation assay of other selected OPPs was performed. CF
and DP which were the insecticides widely used in vegetable
cultivation were chosen. This is because these pesticides
possibly co-contaminate in the same area. The isolates were
inoculated in a liquid medium at 20 mg/L of the insecticides
on a rotary shaker at 100 rpm and 30+2 °C for 6 days.

PF, PF intermediate metabolite, and other OPP analysis

PF concentration was extracted using a Quick, Easy, Cheap,
Effective, Rugged, and Safe (QuEChERS) extraction tech-
nique. The sample of 10 mL was placed into a 50-mL dispos-
able polypropylene centrifuge tube with 10 mL of acetonitrile
and acetic acid of 0.1 % mixture. The centrifuge tube was
capped and shaken for 1 min. After that, NaCl of 1 g and
anhydrous MgSO, of 4 g were added. The tube was then
shaken vigorously for 1 min and centrifuged at 5,000 rpm
for 5 min. The supernatant (acetonitrile extract) was trans-
ferred into a solid-phase extraction (SPE) tube (QUEChERS
D-SPE, Agilent, USA) to clean up the residue. The tube was
capped and mixed in a vortex mixer for 1 min and then
centrifuged at 5,000 rpm for 3 min. The cleaned sample was
transferred to a GC vial.

PF concentration was measured using a GC-MSD (Agilent
6890 N, Agilent, USA) with a DB-5 column (30.0-m length,
0.25-mm internal diameter (i.d.), and 0.25-pum film thickness).
One microliter of the cleaned sample was injected into GC-
MSD. The GC conditions were splitless injection, injection
port temperature of 220 °C, and helium gas (carrier gas) flow
of 2 mL/min. The GC temperature program was started at
90 °C, increased to 220 °C at a rate of 20 °C/min and retained
for 1 min, increased to 280 °C at a rate of 10 °C 1/min and
retained for 3 min, and increased to 300 °C. PF peak was
detected at 9.07 min. Degradation intermediate peak was
monitored along with PF detection.

For CF and DP analysis, the samples were extracted using
the method for PF analysis as mentioned in the earlier para-
graph. The samples were measured using a gas chromato-
graph (Agilent 6890 N series) with a flame photometric de-
tector and a DB-1701 column (30.0-m length, 0.25-mm i.d.,
and 0.25-um film thickness). One microliter of the cleaned
sample was injected to the GC. The GC conditions were
splitless injection, injection port temperature of 220 °C, and
helium gas (carrier gas) flow of 0.75 mL/min. The GC tem-
perature program was started at 80 °C and retained for 1 min,
increased to 195 °C at a rate of 12 °C/min, increased to 210 °C
at a rate of 2 °C/min and retained for 3 min, increased to
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225 °C at a rate of 15 °C/min and retained for 2 min, and
increased to 275 °C at a rate of 40 °C/min and retained for
10 min. The peak retention times of DP and CF were 11.7 and
18.0 min, respectively.

Results and discussion

Enrichment, isolation, and identification of PF-degrading
bacteria

The PF-degrading consortium (referred to as MIX hereafter)
was enriched in aerobic condition at pH of 7 and temperature
of 30 °C. The consortium plated onto the medium agar com-
prised numerous types of bacterial colonies. The soil used in
this study was rich in PF-tolerant cultures. During the isolation
process, only three isolates were well and continuously grown
in PF-containing medium. This indicates that the pure isolates
were PF-degrading bacteria (namely PF1, PF2, and PF3).

All isolates are short rod with negative in gram staining.
Colony form and elevation of all isolates are circular and
raised. Colony margin of PF1 and PF3 is entire, while the
margin of PF2 is undulate. The difference of colony sizes was
also found. The colony sizes of PF1, PF2, and PF3 on basal
salt medium agar with PF of 20 mg/L at 24 h are 2.0, 1.5, and
1.0 mm, respectively. Biochemical characteristics of the three
isolates were listed in Table 1. The biochemical test of the
isolates PF2 and PF3 showed 99.9 % characteristics of Pseu-
domonas aeruginosa, while the test result was a species
belong to the Pseudomonas genus for the isolate PF1.

Therefore, they were then identified by 16S rRNA analysis.
PF1 was then identified by 16S rRNA analysis as Pseudomo-
nas plecoglossicida (Genetic Sequence Data Bank (GenBank)
accession number KJ143902) with similarity of 99 % to
P. plecoglossicida strain SR7 (GenBank accession number
KC634234), P. plecoglossicida strain TCCC11291 (GenBank
accession number FJ393302), and P. plecoglossicida strain C-
B8A (GenBank accession number KJ806458). PF2 was char-
acterized as P. aeruginosa (GenBank accession number
KJ143903) with similarity of 100 % to P. aeruginosa strain
LS6 (GenBank accession number KJ620776), P. aeruginosa
strain RP28 (GenBank accession number KJ631608), and
P aeruginosa strain PAE 03 (GenBank accession number
KJ612071). For PF3, the isolate was identified as
P aeruginosa (GenBank accession number KJ143904) with
similarity of 99 % to P. aeruginosa strain PAE 03 (GenBank
accession number KJ612071), P. aeruginosa strain RP28
(GenBank accession number KJ631608), and P. aeruginosa
strain R20 (GenBank accession number KJ631606).

The consortium and three isolates reported in this work
could utilize PF as a sole carbon source. This is similar to
the previous studies which reported the OPP utilization as
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Table 1 Biochemical characteristics of three isolates

Characteristics

Gram reaction
Denitrification +  + o+
Indole production of L-tryptophane - - -
Fermentative of acid from D-glucose - - -
Arginine dihydrolase + o+
Urease -+
Hydrolysis of esculin (3-glucosidase) - - -
Hydrolysis of gelatin (protease) -+ +

[3-Galactosidase production (para-nitrophenyl-@3p- - -
galactopyranoside)
Assimilation of:

D-Glucose + + o+
L-Arabinose - -

D-Mannose - - -
D-Mannital +

+ 4
+ o+

N-Acetyl-glucosamine

D-Maltose -

Potassium gluconate

+ o+

Capic acid
Adipic acid -
Malic acid

Trisodium citrate

+ o+ o+ o+ o+
+ 4+ + + o+

Phenylacetic acid

+ o+ o+ o+

Cytochrome oxidase

-ve gram-negative bacteria, + positive reaction, — negative reaction

a sole carbon source (Cycon et al. 2009). Previously,
Malghani and Chatterjee (2009) isolated P. aeruginosa
strain OW from the PF-contaminated soil in China. Also,
Fulekar and Geetha (2008) reported that P aeruginosa
could remove CF. In present study, two more strains that
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cell counting on basal salt medium agar containing PF is
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Table 2 Microbial growth and PF degradation kinetic rates

Culture Growth kinetics PF degradation kinetics Substrate utilization rate (mg/L/day) PF removal (%)
Equation® R’ Equation® R’

MIX y=0.40x+7.05 1.00 y=—0.15x+1.12 0.87 3.0 90.0

PF1 y=1.91x+7.28 0.90 y=-0.57x+1.55 0.86 7.6 95.0

PF2 y=2.48x+6.86 0.95 y=—0.85x+1.42 0.95 9.8 93.1

PF3 y=2.68x+5.36 0.85 y=-0.85x+1.02 0.75 19.6 953

* x=time (h); y=log (bacterial number)
® x=time (h); y=log (log (PF concentration)

The reduction of PF concentration during the biodegrada-
tion test is shown in Fig. 1. For all tests, the PF concentration
continuously decreased in the first 3 days, and the concentra-
tion dropped gradually thereafter. After the 4-day experiment,
MIX, PF1, PF2, and PF3 removed PF for 90.0-95.3 % (Ta-
ble 2). In the abiotic control test (no cell), the PF concentration
decreased less than 5.0 % suggesting that PF removal by
physical or chemical reactions was minimal. The PF degrada-
tion by all cultures followed the first-order kinetics (Table 2).
The consortium and isolates utilized PF at the rate of 3.0—
19.6 mg/L/day (Table 2). Apparently, the pure isolates per-
formed better than the consortium. The treatment result cor-
related well to the bacterial growth result. MIX grew slower
resulting in lower PF treatment rate compared to those by the
pure isolates.

The PF degradations by the consortium and cultures (more
than 90 %) were comparable to those by P. aeruginosa strain
OW, Pseudomonas putida strain W, and Burkholderia gladioli
strain Y, previously isolated (Malghani and Chatterjee 2009;
Malghani et al. 2009). The result indicated that the newly
enriched consortium and three isolated cultures have potential
application for the PF bioremediation. Generally, the consor-
tium has been shown to be more suitable for bioremediation
compared to pure cultures in practice. This is because their
biodiversity can enhance environmental survival and increase
the number of catabolic pathways available for contaminant
biodegradation (Alvey and Crowley 1996; Smith et al. 2005).
In this case, however, the pure cultures were acclimated in the
medium and no environmental stresses in the tested condition

20.00

Fig. 2 Bacterial growth and PF
degradation by MIX under the
presence of additional carbon
source conditions
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leading to better growth and performance presented by the
isolated cultures.

Bacterial growth and PF degradation with additional carbon
supplement

The experiment in this section was to determine the potential
of additional carbon sources for the enhancement of PF bio-
degradation. Three additional carbon sources including sodi-
um succinate, sodium acetate, and glucose were chosen (Xie
et al. 2009).

Microbial cell numbers quickly rose from 6.8 to 18.7 log
CFU/mL after 48 h (Fig. 2). Microbial cell growth followed
the first kinetic reaction at the rates of 5.97, 4.38, and 5.26/h
with the supplementation of sodium succinate, sodium ace-
tate, and glucose, respectively. The result suggested that the
additional carbon source obviously accelerated the growth
rate (10—14 times). This result related well to previous works
(Jianlong et al. 2002; Grant and Betts 2004; Xie et al. 2009).
The test with sodium succinate and glucose supplements had a
higher growth rate than that of the test with sodium acetate.
Additional carbon sources affected the growth rates to differ-
ent extents since carbon structure was specific to each micro-
organism (Xie et al. 2009).

PF degradation by MIX under the presence of addition-
al carbon sources is presented in Fig. 2. After the 48-h
tests, the PF degradation was only 10-30 %. The result in
this study indicated that the additional carbon sources
partially inhibited PF biodegradation. MIX preferred to
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additional carbon source influence, the experiments using
PF1, PF2, and PF3 separately were recommended for
future investigation.

PF intermediate metabolite detection

In the control (no cell) test, an intermediate product of PF, 4-
bromo-2-chlorophenol, (BCP) (Fig. 3) was detected while PF
concentration slightly decreased (less than 5 %). This indicat-
ed that PF reacted with water and produced BCP via an abiotic
hydrolysis process. After continued monitoring for 14 days,
BCP concentration detected was quite stable (data not shown).

For PF biodegradation assay, the PF intermediate metabo-
lite detection from tests at the initial PF concentrations of 20—
120 mg/L was performed. From the test with the initial PF
concentration of 20 mg/L, BCP (which was presented in the
microbial medium as mentioned in the earlier section) disap-
peared along with PF biodegradation. This revealed that the
enriched cultures could simultaneously degrade PF and BCP.

During the PF degradation at the concentration of 40 mg/L
and higher, BCP was accumulated in the early stage of the test
(the first 3 h). In the later period (after 6 h), it was noticed that
3-methoxy phenol (3-MP) appeared and replaced BCP. The
structure of 3-MP is presented in Fig. 3. This potentially can
be that BCP degraded to 3-MP (Fig. 4). Additionally, 2,4-di-

_ Profenofos
/" Chlorpyrifos

. — / Dicrotophos

PF2 .
PF3

tert-butyl phenol (2,4-DTBP) during the degradation test was
found. It was known that 2,4-DTBP could be used for pesti-
cide production (Schwetlick et al. 1991).

For PF degradation intermediate detection, BCP produc-
tion via an abiotic hydrolysis process was well correlated to
the study by Zamy et al. (2004). It was reported that OPPs
including PF could hydrolyze in dilute OPP solution. The
result suggested that abiotic hydrolysis slightly contributes
to PF degradation (less than 5 %). Since BCP is more stable
than PF, BCP concentration remained constant for a longer
period. During the PF degradation, BCP was accumulated
similar to the result described elsewhere (Malghani et al.
2009). The result suggested that PF degraded via enzymatic
organophosphorus hydrolysis. Organophosphorus hydrolase
has been known as a typical bacterial enzyme for a wide range
of organophosphorus pesticide degradation (Kanekar et al.
2004). The appearance of 3-MP is different from the proposed
PF degradation in soil by the Food and Agriculture Organiza-
tion of the United Nations (FAO) (FAO 2012). FAO expected
that BCP potentially degraded to 3-chloro-4-methoxyphenol
in a sterile soil (Fig. 4). Currently, no complete PF biodegra-
dation pathway was published. There were degradation path-
ways of some organophosphorus pesticides, such as CF and
DP (Singh and Walker 2006). Compared to CF which is a
phosphothioate pesticide (liked PF), a similar trend of
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degradation pathway was found. CF is initially hydrolyzed at
a phosphorus compound branch to 3,5,6-trichloropyridinol
(TCP), and TCP is subsequently broken at the chlorine branch
to be chlorodihydro-2 pyridone (Singh and Walker 2006). In
this study, it was found that PF is primarily hydrolyzed at the
phosphorus compound branch to BCP, and BCP is further
broken at the chlorine and bromine branches to 3-MP. This
could state that abiotic and biotic processes may give different
PF degradation pathways. The cultures enriched in this study
were promising for PF degradation since they could degrade
both PF and its intermediate product (BCP). The potential PF
degradation pathway was proposed (Fig. 4). The complete PF
biodegradation pathway is recommended for future
investigation.

Selected OPP degradation

In practice, farmers apply a couple types of pesticides simul-
taneously for better pest control. For instance, in Thailand,
farmers concurrently apply PF, CF, and DP for vegetable
cultivation. Based on this information, degradation of CF
and DP by the enriched cultures was performed for investi-
gating the treatment potential. The degradation result is pre-
sented in Fig. 5. After the 4-day experiment, the degradation
performance by PF1, PF2, and PF3 was similar. When the
microbial cells of 10° CFU/mL and the initial pesticide con-
centration of 20 mg/L were tested, PF, CF, and DP reduced to
75-82 %, 57-73 %, and 3347 %, respectively (Fig. 5).

Among three OPPs tested, PF and CF structure is similar.
They are chemicals under the phosphorothioate group, while
DP is a chemical belonging to the phosphate group (Fig. 6).
PF is an S-alkyl phosphorothioate subgroup, whereas CF is an
O-alkyl phosphorothioate subgroup. It was observed that the
pesticide degradation performances were different. This may
be from the pesticide structure. PF degradation performance is
highest because the cultures were acclimated for PF. The
chemical structure of CF is more similar to PF compared to
that of DP resulting in high CF performance.

From an enzymatic degradation point of view, four en-
zymes including phosphatase, esterase, hydrolase and
oxygenese were involved in the OPP biodegradation pathway
(Kanekar et al. 2004). Singh and Walker (2006) summarized
CF and DP biodegradation pathways. Like PF, CF primarily
degrades via hydrolysis process. DP degradation is more
complicated. DP transforms to monocrotophos via methyla-
tion and continuously degrades via hydrolysis process (Singh
and Walker 2006). This could be the reason why DP was
degraded less than PF and CF. However, based on the result
in this section, the enriched cultures were a potential for PF
and other OPP remediation. For future study, the influence of
environmental conditions on PF degradation should be per-
formed. Also, the full PF degradation pathway by isolates
should be conducted for insight investigation.

Conclusions

Novel PF-degrading consortium and three isolated cultures
including P. plecoglossicida strain PF1, P. aeruginosa strain
PF2, and P. aeruginosa strain PF3 were enriched. The newly
isolated PF-degrading bacteria utilized PF as a sole carbon
source. All cultures were capable of PF insecticide degrada-
tion with PF removal of more than 90 % within 4 days. The
cultures could degrade PF, PF intermediate, and other OPPs.
For future study, the influence of environmental conditions on
PF degradation should be performed. Also, the full PF degra-
dation pathway by the isolates should be conducted for insight
investigation.
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