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Abstract

A fungal strain capable of utilizing chlorpyrifos as sole carbon and energy sources was isolated from soil by
enrichment cultivation approach. The half-lives of degradation (DT5g) for chlorpyrifos at concentrations of
1, 10, and 100 mg ! by the fungal strain DSP in mineral salt medium were measured to be 2.03, 2.93, and
3.49 days, respectively. Two cell-free extracts [E (1:10) and E (1:20)] from the fungal strain DSP in bran—
glucose medium were prepared and used to enhance chlorpyrifos degradation on vegetables. Compared
with the controls, the DTj5, of chlorpyrifos were reduced by 70.3%, 65.6%, 80.6%, 80.6%, and 86.1%, and
by 53.8%, 43.2%, 66.0%, 54.3%, and 67.7% on E (1:20) and E (1:10) treated pakchoi, water spinach,
Malabar spinach, haricot beans, and pepper, respectively. The 7-day residual values (R7) of chlorpyrifos on
E (1:10) treated vegetables were all lower than the corresponding maximum residue levels of European
Union (EU MRLs), except that the R; value on haricot beans was slightly higher than the corresponding
EU MRLs. The results indicate that cell-free extracts could rapidly degrade chlorpyrifos residues on
vegetables.

Introduction vegetables due to the hermetic environments in

greenhouses (Aguilera-del Real et al. 1999; Garau

Greenhouse vegetable production has been devel-
oped rapidly in China since 1980s and has become
a main source of vegetable supply. However, the
warm and humid environment in a greenhouse
provides favorable conditions for fast reproduc-
tion of insect pests and disease causal pathogens,
which in turn result in excessive application of
pesticides (van Lenteren 2000). On the other hand,
some insect pests and pathogens may also develop
resistance or tolerance to the conventionally used
pesticides due to their single mode of action and
this leads to frequent application of pesticides at
higher dosages (Gajbhiye 2004). Furthermore,
pesticides often dissipate slower on greenhouse

et al. 2002; Hernandez Torres et al. 2002; Marti-
nez Galera et al. 2003). The excessive and frequent
application of pesticides may result in high levels
of pesticide residues accumulated on vegetable
products, which poses a potential health hazard to
consumers (Bolognesi & Morasso 2000; Fan &
Jackson 1989; Tweedy et al. 1991). Therefore,
there is an increasing concern regarding rapid
elimination of pesticide residues on vegetables.
Chlorpyrifos [0,0-diethyl-O-(3,5,6-trichloro-2-
pyridinyl)phosphorothionate] is a broad spectrum
organophosphorus insecticide and acaricide and is
widely used for insect pest control on grain,
cotton, fruit, and vegetable crops in China. Due to
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its high acute toxicity, chlorpyrifos may affect the
central nervous system, the cardiovascular system,
and the respiratory system as well as cause skin
and eye irritation (Oliver et al. 2000; Serrano et al.
1997). The widespread use of chlorpyrifos in
agriculture has increased the public concern on
potential human health risks that may result from
acute or chronic dietary exposure to chlorpyrifos
residues in food (Cochran et al. 1995; Martinez
Vidal et al. 1998). The use of microbial cell-free
extracts might be a promising way to rapidly
detoxify chlorpyrifos residues. The degradation of
chlorpyrifos by cell-free extracts in pure cultures
and soils has been well investigated (Brown 1980;
Chen & Mulchandani 1998; Dave et al. 1993;
Horne et al. 2002; Mallick et al. 1999; Singh et al.
2004). However, little is known on degradation
of chlorpyrifos residues by cell-free extracts on
vegetables under agricultural conditions.

In the present study, we report isolation and
identification of a fungal strain capable of utilizing
chlorpyrifos as sole carbon and energy sources
from soil and degradation of chlorpyrifos in pure
cultures and on vegetables by this fungal strain
and its cell-free extract. The objectives of this
study were to test the capability of the isolated
fungal strain and its cell-free extract to detoxify
chlorpyrifos residues under experimental condi-
tions, and to explore the feasibility of using a cell-
free extract to detoxify chlorpyrifos residues on
vegetables under agricultural conditions.

Materials and methods
Chemicals

Chlorpyrifos standard (299.5% purity) was
obtained from Institute for the Control of Agro-
chemicals, Ministry of Agriculture, China. Chlor-
pyrifos 40% EC was obtained from Xinnong
Chemicals Co., Zhejiang, China. Petroleum ether
(60-90 °C) was purchased from Fangting Chemi-
cals Co., Zhejiang, China. All solvents were of
analytical reagent grade and were redistilled in a
full glass system before use.

Isolation of microorganism

Soil samples from farm soil, tree rhizosphere soil,
sediment of a sewer, sludge, and piggery soil were

collected from Huajiachi Campus, Zhejiang Uni-
versity, Hangzhou, China. These five samples were
homogenized and divided into three subsamples
(50 g). Each subsample was diluted with 100 ml of
sterilized water in a 250 ml Erlenmeyer flask. A 1 ml
aliquot of soil supernatant was used as inoculant
into a 100 ml Erlenmeyer flask containing 20 ml of
sterile mineral salt medium (MgSO47H>0, 0.40 g;
FeSO47H,0, 0.002 g; K;HPOy4, 0.20 g; (NHy),
SOy, 0.20 g; CaSOy, 0.08 g; H,O, 1000 ml; pH 7.2)
supplemented with 50 mg 1™" of chlorpyrifos as the
sole source of carbon and energy. After incubation
for 1 week at 30 °C on a rotary shaker (150 rpm),
the culture was inoculated into 20 ml of sterile
mineral salt medium with chlorpyrifos (100 mg 17"
and incubated for another 1 week under same
conditions. The cultures were repetitively accli-
mated in sterile mineral salt medium with increasing
concentrations of chlorpyrifos, ranging from 100 to
200 mg 1I”'. Subsequently, the cultures were culti-
vated onto potato—dextrose—agar (PDA) plates
(potato, 200 g; dextrose, 20 g; agar, 20 g; chlor-
pyrifos, 0.1 g; H,O, 1000 ml; pH 7.2) and incubated
for 3 days at 30 °C. Chlorpyrifos-degrading fungal
strain DSP was isolated from colonies formed on
the plates.

Identification of microorganism

The isolated fungal strain DSP was purified by
repetitive subculturing on PDA plates with
chlorpyrifos (100 mg 17'). Identification of the
DSP strain was performed according to its
morphological characteristics (Barnett & Hunter
1972; Dai 1987). For further characterization,
18S rDNA gene sequences of the DSP strain
were determined (Ahren et al. 1998). Identifica-
tion of the fungal strain DSP was carried out by
Zhejiang Microbiology Institute, Hangzhou,
China.

DNA extraction and purification

The fungal strain DSP was cultivated for 2 weeks
on PDA plates at 25°C. The mycelia were
scraped, collected and used for the genomic DNA
extraction. Genomic DNA was extracted accord-
ing to standard CTAB-based protocols (Lee &
Taylor 1990; White et al. 1990), purified by
Clonetech tissue kit and stored at —20 °C.



18S rDNA amplification and sequencing

The 18S rDNA was amplified using the polymerase
chain reaction (PCR) with genomic DNA as
template and a pair of universal primers, NS1 (5'-
GTAGTCATATGCTTGTCTC-3') and NS8 (5-
TCCGCAGGTTCACCTA-3'). The PCR products
were purified using QIAGEN PCR Purification kit
(Qiagen) and sequenced by the dideoxy chain ter-
mination method on a model 373 automated DNA
sequencer (Applied Biosystems). Sequence data
were compared with other fungal 18S rDNA gene
sequences in the GenBank database by Blast
searching and deposited in the NCBI GeneBank
database.

Inoculum preparation

The fungal strain DSP was cultivated in 250 ml
Erlenmeyer flasks containing 200 ml of Luria—
Bertani (LB) medium (peptone, 10 g; beef extract,
5 g; NaCl, 5 g; chlorpyrifos, 0.1 g; H,O, 1000 ml;
pH 7.2) at 30 °C on a rotary shaker (150 rpm).
After 5 days, the culture was collected by filtra-
tion, washed thrice with 20 ml of NaH,PO4—
Na,HPO, buffer (0.1 mol I, pH 7.0), and then
suspended in the same buffer. These mycelia
preparations were used as inoculants.

Microbial degradation of chlorpyrifos in mineral
salt medium

Chlorpyrifos was added to a 100 ml Erlenmeyer
flask containing 20 ml of mineral salt medium to
final concentrations of 1, 10, 100 mg !, respec-
tively. Fifty milligrams of mycelia (wet weight) was
inoculated into the mineral salt medium and
incubated at 30 °C on a shaker (150 rpm). At the
time intervals of 0, 1, 3, 5, and 7 days, the whole
culture was sampled for the assay of chlorpyrifos.
Degradation of chlorpyrifos in mineral salt med-
ium without inoculation of fungal mycelia was
used as control. All experiments were triplicated.

Cell-free extracts

The fungal strain DSP was inoculated into 250 ml
Erlenmeyer flasks containing 200 ml of bran—glu-
cose medium (glucose, 5 g; bran, 5 g; NaH,POy,
3.5 g; KbHPOy, 5 g; (NHy),SOy4, 2.5 g; MgSOy,
0.2 g; NaCl, 0.1 g; water, 1000 ml; pH 7.2) and
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incubated for 5 days at 30 °C on a shaker at
150 rpm. The cell-free extract was obtained by
disrupting medium containing hyphae through
High-Pressure Cells Press JG-1A (Ningbo Xinzhi
Biology Technology Co., China) at 15 MPa. Two
cell-free extracts were prepared by diluting the cell-
free extract at 1:10 and 1:20 with NaH,PO4—
Na,HPO, buffer (0.1 mol 17!, pH 7.0), viz., E
(1:10) and E (1:20). All cell-free extracts were
stored at 4 °C until use.

Field trial and sampling

The experiments were conducted in a greenhouse
and open field located on the farm of Huajiachi
Campus, Zhejiang University, China. The green-
house was constructed of polyethylene with a flat
roof and a lateral window (25 m x 0.5 m) and
covered with fine netting. The greenhouse and
open field were 90 and 60 m?, respectively.

Malabar spinach (Basella rubra L.), haricot
beans (Phaselous  vulgaris L.) and pepper
(Capsicum frutescens L.) were grown in 30 m’
plots in a greenhouse, respectively. Pakchoi
(Brassica Chinensis L.) and water spinach
(Ipomoea aquatica Forsk) were cultivated in
30 m? plots in an open field, respectively. Chlor-
pyrifos 40% EC was applied at the rate of
2500 1 ha™! with 0.84 kg ha™' of active ingredient,
corresponding to double dosage of the recom-
mendation dosage. After one day, two cell-free
extracts were sprayed onto the crops at the rate of
3751 ha™'. The experiments were carried out in
autumn 2004.

After application of chlorpyrifos, samples were
collected at 0, 1, 3, 5, 7, and 10 days, respectively,
from five vegetable crops. These samples were
chopped and divided into three subsamples (25 g),
which were stored in individual polyethylene bag
at —20 °C until extraction.

Extraction of chlorpyrifos in mineral salt medium
and on vegetables

To determine residual chlorpyrifos concentrations
in DSP cultures, the culture was transferred to a
250 ml separating funnel, and extracted thrice with
30 ml of dichloromethane for each. The organic
phase was dried over anhydrous sodium sulphate
and collected in a 250 ml flat-bottom flask, fol-
lowed by concentration to almost dryness with a
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slight N, stream. The residue was redissolved with
5 ml of redistilled petroleum ether prior to deter-
mination. To measure chlorpyrifos adsorbed by
the fungal strain DSP, the mycelia of DSP were
collected by centrifugation and homogenized
(10,000 rpm) with 20 ml of petroleum ether in a
blender for 2 min. The mixture was extracted as
described above.

Vegetable samples (25 g) and anhydrous so-
dium sulfate of 80g were homogenized
(10,000 rpm) in a blender with 80 ml of petroleum
ether for 2 min. The mixture was decanted and
filtered through a 7 cm buchner funnel. The filter
cake was washed thrice with 25 ml of redistilled
petroleum ether. The extracts were collected in a
250 ml flat-bottom flask, concentrated to almost
dryness with a slight N, stream, and diluted to
5ml with redistilled petroleum ether for the
determination by GC.

Gas chromatography analysis

Chlorpyrifos was assayed by gas chromatography
GC-9790 (Fuli Analysis Apparatus Co., China)
equipped with FPD detector. A fused silica
capillary column (Pesticide Residue-II,
30m x 032 mm x 0.25 um) (Lanzhou Institute
of Chemical Physics, Chinese Academy of Sci-
ences, Lanzhou, China) was employed. The tem-
peratures of injection port, column, and detector
were 240, 230, and 250 °C, respectively. The flow
of gas was as follows: nitrogen, 50 ml min~!; air,
80 ml min~'; hydrogen, 120 ml min~".

Fortified recovery study

A recovery study was carried out at four spiking
levels, 0.1, 1, 10, and 100 mg "' in mineral salt
medium and 0.01, 0.1, 1, and 10 mg kg™" in five
vegetables that had not been treated with the pes-
ticide. Three replicates of each recovery assay and
blank sample of mineral salt medium and vegeta-
bles were extracted and analyzed as described
above.

Results and discussion
Identification of microorganism

By using the enrichment cultivation approach, we
isolated a fungal strain, DSP, that could utilize

chlorpyrifos as sole carbon and energy sources.
The fungal strain DSP appeared as round and
wooly colonies (4.5 cm in diameter), after culti-
vation of 5 days on PDA medium at 30 °C. The
color of the colony turned from carmine to rufous
from the reverse after prolonged cultivation. The
mycelia were dense, massive, and radiate. The
hyphae with septa and branches were white. No
odor and exudation were detected. Conidiophores
had an erect stipe which was ovoid- or ellipse-
shaped, surrounded by slimy droplets. The fungal
strain DSP was identified as an unknown species
of Verticillium according to above-mentioned
morphological characteristics by conventional
method. Analysis of the 18S rDNA gene sequences
(NCBI GenBank Accession No. DQ153250) also
revealed that the DSP has a high level of homology
(99%) to those from other Verticillium species.

Fortified recovery of chlorpyrifos

The average recoveries of chlorpyrifos in mineral
salt medium and on five vegetables tested are
summarized in Table 1. In all cases, the recoveries
of chlorpyrifos ranged from 85.4% to 102.6%,
with relative standard deviation (RSD) <6.9%.
These data indicate that the extraction method is
efficient for analysis of the insecticide residues.

Microbial degradation and its mechanism of
chlorpyrifos

The degradation curves of chlorpyrifos at levels of
1, 10, and 100 mg I"" by the fungal strain DSP in
mineral salt medium are shown in Figure 1. The
degradation rates for chlorpyrifos at concentra-
tions of 1, 10, and 100 mg 1! were calculated to
be 0.139, 1.229, and 11.014 mg (d)™" after incu-
bation for 7 days, respectively. The degradation
rates of chlorpyrifos increased almost linearly
with increasing concentrations of chlorpyrifos
(*=0.9999), suggesting that the degradation is
subjected to pseudo-first-order kinetics. With the
first-order kinetic function, the DTsy of chlor-
pyrifos at concentrations of 1, 10, and 100 mg 17",
were calculated to be 2.03, 2.93, and 3.49 days,
respectively (Table 2). In the controls, the
hydrolysis percentages of chlorpyrifos were less
than 5%.

The degradation products of chlorpyrifos at
concentration of 100 mg 1" after incubation for



Table 1. Recovery of chlorpyrifos in mineral salt medium and
on vegetables
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Table 2. Rate of chlorpyrifos degradation by the fungal strain
DSP in mineral salt medium

Sample Chlorpyrifos Sample Recovery RSD
(mg ™" or weight (%) (%)
mgke)  (2)

Mineral salt 100 20 98.6 1.5

medium 10 20 96.2 5.1

1 20 100.2 3.3

0.1 20 97.0 49

10 25 92.5 3.2

Pakchoi 1 25 94.2 3.1
0.1 25 101.8 6.0

0.01 25 100.4 6.5

10 25 89 3.4

Water spinach 1 25 91.6 4.1
0.1 25 96.4 6.9

0.01 25 92.7 2.8

10 25 85.6 6.7

Malabar spinach 1 25 90.2 5.2
0.1 25 85.4 6.5

0.01 25 93.5 1.5

10 25 97.4 6.6

Haricot beans 1 25 95 2.2
0.1 25 101.2 3.8

0.01 25 96 4.0

10 25 98.9 49

Pepper 1 25 98.5 3.8
0.1 25 102.6 3.1

0.01 25 100.4 3.5

Chlorpyrifos Total degradation DTs e
(mg 7Y rate (mg dnh (days)
1 0.139 2.03 0.9134
10 1.229 2.93 0.9328
100 11.014 3.49 0.9563
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Figure 1. Degradation curves of chlorpyrifos by the fungal
strain DSP.

7 days  were identified with HP6890GC/
HP5973MSD. Four metabolites were detected
at mjz 129 (a), 196 (b), 198 (c), and 322 (d),

respectively. Their MS spectra and the proposed
structures are shown in Figure 2.

The metabolite C (3,5,6-trichloro-2-pyridinol,
TCP), the major degradation product of chlor-
pyrifos, has been reported frequently in pure
cultures (Mallick et al. 1999), water (Liu et al.
2001), vegetable (Zayed et al. 2003), fruit (Velasco-
Arjona et al. 1997) and soil (Robertson et al. 1998;
Singh et al. 2003; Velasco-Arjona et al. 1997). The
accumulation of the products was not found by
the determination after incubation for 9 days. The
degradation products were similar to those
observed in previous studies (Mallick et al. 1999;
Racke et al. 1988; Robertson et al. 1998; Singh
et al. 2003).

Degradation of chlorpyrifos by cell-free
extracts on vegetables

The degradation curves of chlorpyrifos by cell-
free extracts on five vegetables are shown in
Figure 3. The kinetic data of chlorpyrifos degra-
dation calculated with the first-order function are
summarized in Table 3. The DTs, of chlorpyrifos
on five vegetables ranged from 1.69 to 4.90 days
in the control sets, 1.11 to 4.22 days in the
treatments with E (1:20), and 0.73 to 3.32 days in
the treatments with E (1:10). Compared with the
controls, the DTso of chlorpyrifos were reduced
by 70.3%, 65.6%, 80.6%, 80.6% and 86.1%, and
by 53.8%, 43.2%, 66.0%, 54.3%, and 67.7% on
E (1:20) and E (1:10) treated pakchoi, water
spinach, Malabar spinach, haricot beans, and
pepper, respectively.

The preharvest interval of chlorpyrifos on
vegetables was recommended for 7 days in China.
The 7 day residual values (R;) of chlorpyrifos on
five vegetables ranged from 0.25 to 0.92 mg kg™
in the controls, 0.06 to 0.56 mg kg™ ' in treatments
with E (1:20), and 0.01 to 0.43 mg kg™' in treat-
ments with E (1:10). The R; values of chlorpyrifos
on five vegetables in the controls were all lower
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Figure 3. Degradation curves of chlorpyrifos by cell-free extracts on vegetables.

than the corresponding maximum residue levels
(MRLs) of China (1.0 mg kg~' on vegetables), but
those on pakchoi, Malabar spinach, and pepper
were higher than the corresponding MRLs of
European Union (0.5 mg kg™', EU), and that on
haricot beans also exceeded the corresponding EU
MRLs (0.05 mg kg™"). The R, value of chlorpyri-
fos on E (1:20) treated pakchoi was lower than the
corresponding EU MRLs, and the R; values of
chlorpyrifos on E (1:10) treated pakchoi, Malabar
spinach, and pepper were lower than the corre-
sponding EU MRLs.

The data indicated that cell-free extracts could
rapidly degrade chlorpyrifos residues on vegetables.
Furthermore, the degradation of chlorpyrifos was
much faster in the treatments with E (1:10) than
that in the treatments with E (1:20). After the
treatments with E (1:10), the R; values of chlor-
pyrifos on five vegetables were all lower than the
corresponding EU MRLs, except that the R; value
(0.08 mg kg™ ') on haricot beans was slightly higher
than the corresponding EU MRLs (0.05 mg kg™).

The results obtained suggested microbial cell-
free extracts could efficiently remove or detoxify
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Table 3. Statistic data of chlorpyrifos degradation on vegetables by cell-free extracts

Sample Site Disposal Total degradation rate DTS5, (days) R, (mg kg™") P2 d
(mg (d kg vegetable)™)

Pakchoi Open field Control 0.630 2.19 0.55 0.9546
Open field E (1:20)* 0.647 1.54 0.23 0.9745
Open field E (1:10)° 0.656 1.18 0.10 0.9983

Water spinach Open field Control 0.808 1.69 0.26 0.8671
Open field E (1:20) 0.817 1.11 0.06 0.8927
Open field E (1:10) 0.821 0.73 0.01 0.9304

Malabar spinach Greenhouse Control 0.804 2.12 0.92 0.9649
Greenhouse E (1:20) 0.818 1.71 0.52 0.9744
Greenhouse E (1:10) 0.844 1.40 0.29 0.9807

Haricot beans Greenhouse Control 0.130 3.04 0.25 0.9673
Greenhouse E (1:20) 0.134 2.45 0.17 0.9530
Greenhouse E (1:10) 0.137 1.65 0.08 0.9895

Pepper Greenhouse Control 0.143 4.90 0.72 0.9711
Greenhouse E (1:20) 0.148 4.22 0.56 0.9742
Greenhouse E (1:10) 0.163 3.32 0.43 0.9805

4Cell-free extract with 1:20.
Cell-free extract with 1:10.

“The degradation of chlorpyrifos on vegetables was described by the first-order function (C= Cy*e

~k*1) The half-lives of degradation

for chlorpyrifos (DTsg) on vegetables were obtained by the function DTsy=In2/k.
9The degradation of chlorpyrifos on vegetables was simulated by the first-order function (C= Cy*e ™*""). The coefficients of determi-

nation r* were obtained by means of Microsoft Excel 2000.

chlorpyrifos residues on different vegetables.
However, after application of microbial cell-free
extracts, enzymatic activity was influenced by
many factors, such as temperature, humidity, solar
radiations, pH value and precipitation. The deg-
radation rate of pesticide residues by microbial
cell-free extracts on vegetables also depended lar-
gely on vegetable species, e.g., cell-free extracts
were not readily adsorbed by haricot beans and
pepper due to their smooth waxy surface and the
morphology of the plant, thus the degradation rate
of chlorpyrifos residues greatly decreased.

Conclusion

Degradation of chlorpyrifos by the fungal strain
DSP of Verticillium sp. in mineral salt medium
could be described with the first-order function.
The cell-free extract from the fungal strain DSP in
bran—glucose medium could enhance chlorpyrifos
degradation on vegetables. The data of this study
indicate that the cell-free extract from the fungal
strain DSP is a promising approach for detoxifica-
tion of chlorpyrifos on vegetables. However,

further studies on environmental stability,
production strategy, and safety of the cell-free ex-
tracts are required to establish efficient, safe and
cost-effective large-scale process for destruction of
chlorpyrifos residues on vegetables.
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