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YI-JUN DAI,† WEI-WEI JI,† TING CHEN,† WEN-JIAN ZHANG,† ZHONG-HUA LIU,†

FENG GE,‡ AND SHENG YUAN*,†

†Jiangsu Engineering and Technology Research Center for Industrialization of Microbial Resources,
College of Life Science, Nanjing Normal University, Nanjing 210046, People’s Republic of China, and
‡Nanjing Institute of Environmental Sciences, Ministry of Environmental Protection, Nanjing 210042,

People’s Republic of China

A yeast identified as Rhodotorula mucilaginosa strain IM-2 was able to degrade acetamiprid (AAP)

and thiacloprid (THI) in sucrose mineral salt medium with half-lives of 3.7 and 14.8 days,

respectively, while it did not degrade imidacloprid and imidaclothiz. Identification of metabolites

indicated that R. mucilaginosa IM-2 selectively converted AAP and THI by hydrolysis of AAP to form

an intermediate metabolite IM 1-3 and hydrolysis of THI to form an amide derivative, respectively.

Metabolite IM 1-3 had no insecticidal activity, while the THI amide showed considerable insecticidal

activity but was 15.6 and 38.6 times lower than the parent THI following oral ingestion and a contact

test against the horsebean aphid Aphis craccivora, respectively. The inoculated R. mucilaginosa

IM-2 displayed biodegradability of AAP and THI in clay soils.
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INTRODUCTION

Neonicotinoid insecticides are one of the most important
commercial insecticides used worldwide. They are systemic
broad-spectrum insecticides and act as a contact and stomach
poison against sucking insect pests, such as aphids, whiteflies,
leaf- and plant-hoppers, thrips, some micro-lepidoptera, and a
number of coleopteran pests. The molecules exhibit a novel mode
of action because they are agonists of the nicotinic acetylcholine
receptor (nAChR), leading to paralysis and death of pest
organisms (1-7). This selectivity of neonicotinoids to insect
nAChR is attributed to the pharmacophore group nitroimine
(dN-NO2) in imidacloprid (IMI), thiamethoxam (THIA),
clothianidin (CLO), and dinotefuran, to cyanoimine (dN-CN)
in acetamiprid (AAP) and thiacloprid (THI), and to nitromethy-
lene (dC-NO2) in nitenpyram because they have a much higher
affinity for insects as compared to vertebrate nAChRs, and the
loss of the nitro or nitrile group can completely reverse the
selective toxicity of neonicotinoids for insects over vertebrates (8).
Therefore, biotransformation of the neonicotinoid pharmaco-
phoremoiety has been a particular focus in plant andmammalian
systems (9,10). Enzyme studies on the nitroiminemoiety revealed
that several human P450 monooxygenases reduced IMI to the
nitroso (dN-NO) derivative in an oxygen-sensitive manner. An
aldehyde oxidase from rabbit liver cytosol converted IMI to
nitroso and amino (dN-NH2) metabolites (1, 11), and human
liver aldehyde oxidase reduced CLO and THIA to their corre-
sponding nitroso metabolites (12).

In microbial metabolism of neonicotinoid insecticides, Pandey
et al. (13) recently reported that the bacterium Pseudomonas sp.
1G transformed the nitroimine group in IMI and THIA to
nitroso, imine (dNH), andurea (dO)metabolites. The bacterium
Leifsonia sp. PC-21 metabolized IMI to imine and urea metabo-
lites (14). The two bacteria attacked the so-called “magic nitro”
nitroimine group. Our previous study indicated that the bacter-
ium Stenotrophomonas maltophilia CGMCC 1.1788 always
attacked the carbon atom neighbor of the tertiary amine moiety
with hydroxylation of IMI, THI, and imidaclothiz (IMT) as well
as N-demethylation of AAP (asterisks designated in Figure 1)
rather than the pharmacophore moieties nitroimine and
cyanoimine (15-17). Although the metabolism of AAP and
THI has been studied in honeybee, mice, spinach, and soils (9,
10,17-20), the metabolism of the cyanoimine group in AAP and
THI is still poorly understood in comparison to the nitroimine
group. In addition, AAP and THI were quickly eliminated in
soils, and microbial metabolism is considered the major degrad-
ing pathway (19, 20). In the present study, we studied a soil-
isolated yeast strain IM-2 identified asRhodotorula mucilaginosa,
which selectively degraded AAP and THI by hydrolysis to form
IM 1-3 and THI amide, respectively. IM 1-3 had no insecticidal
activity, and the activity of THI amide was 15.6 and 38.6 times
lower than the parent THI against the horsebean aphid Aphis
craccivora following oral ingestion and contact test, respectively.
Soil bioremediation indicated that R. mucilaginosa IM-2 could
degrade AAP and THI in situ.

MATERIALS AND METHODS

Chemicals. IMI and AAP samples (>97% purity) were provided by
theNanjing Pesticides Factory, China. IMTwas provided by theNantong
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JiangsuAgrochemical andChemical Limited Corporation, China (>95%
purity). THI was provided by the Tianjin Renong Pesticide Industry Co.,
Ltd., China (>97%). Acetonitrile used for high-performance liquid
chromatography (HPLC) analysis was HPLC-grade and purchased from
E.Merck,Germany. Piperonyl butoxide andmethimazole were purchased
from the Sigma-Aldrich Corporation, St. Louis, MO. The other solvents
and reagents were analytical-grade from commercial sources.

Media. The medium for biotransformation was sucrose mineral salt
medium (MSM) (21) containing 20.0 g of sucrose, 10.0 g of NH4Cl, 1.36 g
of KH2PO4, 2.13 g of Na2HPO4, 0.5 g of MgSO4 3 7H2O, and 10 mL of
metal solution in 1.0 L of distilled H2O (pH 7.5). The metal solution
contained 0.40 g of CaCl2 3 2H2O, 0.30 g of H3BO3, 0.04 g of
CuSO4 3 5H2O, 0.10 g of KI, 0.20 g of FeSO4 3 7H2O, 0.40 g of
MnSO4 3 7H2O, 0.20 g of NaMoO4 3 2H2O, and 10.0 mL of concentrated
HCl in 1.0 L of distilledH2O. Themedium for cultivating yeast was YEPD
medium that consisted of 20.0 g of peptone, 10.0 g of yeast extract, and
20.0 g of glucose in 1.0 L of distilled H2O (pH 6.0).

Cultivations. Cultivations were carried out at 30 �C in a 100 mL flask
containing 10 mL of YEPD broth and incubated in a rotary shaker at
220 rpm. After cultivation for 24 h, the culture broth (0.1 mL) was then
inoculated into a 100 mL flask containing 10 mL of sucrose MSM broth
supplied with biotransformation substrate and incubated under the same
conditions.

Identification of the Yeast. The yeast was identified by morphologi-
cal analysis and confirmed by a 28S rRNA gene sequence (22). Nucleotide
sequence data were deposited with the GenBank database. The sequence
obtainedwas analyzedusing theBlastN alignment algorithm to compare it
to sequences in the GenBank database.

Biotransformation of AAP, THI, IMI, and IMT. Bioconversion
was conducted by adding 500 mg/LAAP and IMI and 200mg/L THI and
IMT (near maximum solubility of THI and IMT) into sucrose MSM
broth, in which the transformation was carried out under standard
cultivation conditions for the indicated time. Before sampling, sterilized
double-distilled water was added to the biodegradation broth up to the
initial weight and the samples were centrifuged at 10000g for 10 min to
remove cell residues. The supernatantwas collected, filtered, and diluted to
an appropriate volume for the analysis of substrates and biodegradation
products. The effects of the cytochrome P450 inhibitor piperonyl but-
oxide (23, 24) and flavin monooxygenase inhibitor methimazole (25) on
AAP and THI biotransformation were examined. The cultures were
precultivated for 24 h, and then piperonyl butoxide and methimazole
solution in acetone at a final concentration of 1 mmol/L was added to the
culture broth. After continual cultivation for 120 h, the samples were
collected for HPLC analysis. Optical density (OD) was measured at
600 nm by a 2802S UV/vis spectrophotometer (Unico Instruments Co.,
Ltd., Shanghai, China).

Preparation of the Metabolites of AAP and THI. A single colony
of the isolate was inoculated into a 100 mL flask containing 30 mL of
YEPD broth, which was then incubated at 30 �C on an orbital shaker at
220 rpm for 24 h. The culture broth was transferred to a 5 L fermenter
(Eastbiotech Co., Zhenjiang, China) with 3.5 L of sucrose MSM broth
containing 500 mg/L AAP or 200 mg/L THI. During cultivation at 30 �C,
the fermenter was stirred at 300 rpm and constantly aerated with an air
flow rate of 3 L/min. After biotransformation of about 2 weeks, the cells
were removed from the broth by centrifugation at 10000g for 20 min and
the supernatant was collected. For preparation of the metabolite of AAP,
the supernatant was extracted twice with an equal volume of ethyl acetate.
For preparation of the THImetabolite, the supernatant was first extracted
twice with 1/10 volume of dichloromethane to remove the remaining
substrate THI and then the water phase was extracted with an equal
volume of ethyl acetate. All of the ethyl acetate extracts were dehydrated
with anhydrous sodium sulfate, filtered using a 0.22 μm (pore size)
ultrafiltration membrane, and then concentrated using a vacuum rotary
evaporator. The concentrated extracts were dissolved in a solution of
acetonitrile/water (35:65 for THI and 30:70 for AAP, v/v) and further
purified using an Agilent preparative HPLC system equipped with an
Eclipse XDB-C18 column (21.2 � 150 mm, 7 μm, Santa Clara, CA).
The column was first eluted with water/acetonitrile (65:35 for THI and
70:30 for AAP, v/v) at a flow rate of 20 mL/min, and the peaks at 235 nm
for AAP and 242 nm for THI were determined using a G1365B
MWD detector. The elution, of which the purity was confirmed by
HPLC analysis, was subsequently vacuum-dried using a vacuum rotary
evaporator.

Bioassays of the Metabolites of AAP and THI. Oral ingestion and
contact bioassay against the horsebean aphidA. craccivora formetabolites
of AAP and THI were tested using the methods described by Nauen
et al. (26) and were conducted at the National Pesticide Research and
Development South Centre, Nanjing, China.

Biodegradation of AAP and THI by R. mucilaginosa IM-2 in

Soil. Soil samples were provided by the Nanjing Institute of Environ-
mental Sciences, Ministry of Environmental Protection of China. The
physicochemical properties of the soil were pH 5.29; organic matter,
9.94 g/kg; clay, 45.8%; sand, 31.9%; silt, 22.3%; and texture clay and field
capacity moisture content, 40%.

For soil biodegradation, 10 g of sterilized soil samples was transferred
and spread uniformly in Petri plates (10 cm inner diameter) and then the
stock solutions of AAP and THI (200 mg/L) were added to obtain a
final concentration of 20 mg/g soil, respectively. The yeast precultured for
4 days in sucrose MSM broth was collected and resuspended in fresh
sucrose MSM broth, and then a 1 mL suspension was inoculated into the
above soil samples (the final amount of yeast was 108/g of soil). An
additional 2 mL of sterilized distilled water was supplied. The controls

Figure 1. Molecular structure of the neonicotinoid insecticides acetamiprid, thiacloprid, imidacloprid, imidaclothiz, and their metabolites. Asterisks designate
the site of hydroxylation of IMI, THI, and IMT as well as N-demethylation of AAP by S. maltophiliaCGMCC 1.1788. The dashed lines represent the formation of
IM 1-3 in honeybee because of direct oxidative cleavage of AAP and subsequent N-deacetylation to form IM 1-4 (18). The thick lines represent the formation of
IM 1-3 in spinach via cleavage of AAP to IM 1-4, which was further acetylated to IM 1-3 (10). The bracket designates the hypothetical but not the observed
intermediate.
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were set with an additional 3 mL of sterilized distilled water. All samples
were incubated at 30 �C in darkness and with 80% moisture. Soil sample
extractions were performed according to the method by Gupta and
Gajbhiye (27). The residues of AAP and THI were estimated by HPLC
analysis.

HPLC, Liquid Chromatography-Mass Spectrometry

(LC-MS), and Nuclear Magnetic Resonance (NMR) Spectra

Analysis. An Agilent 1200 HPLC system equipped with an HC-C18
column (4.6� 250mm, 5 μm,Agilent Technologies, Santa Clara, CA) was
employed for the analysis of the substrates and their metabolites. Elution
was carried out at a flow rate of 1 mL/min, with the mobile phase
containing water and acetonitrile as well as 0.01% acetic acid. The
proportion of water and acetonitrile was 70:30 for AAP, 65:35 for THI
and IMT, and 75:25 for IMI. The signal was monitored at wavelengths of
235, 242, 266, and 269 nm forAAP,THI, IMT, and IMI, respectively, with
the Agilent G1314A UV detector.

LC-MS analysis was conducted using a Waters Quattro Micro
LC-MS system equipped with an electrospray ion source that was
operated in the positive-ion mode. 13C and 1H NMR spectra of the
biotransformation products were obtained in DMSO-d6 using a Bruker
AV-400 spectrometer (Switzerland) operating at 100 and 400 MHz,
respectively. Chemical shifts were referenced against internal tetramethyl-
silane (TMS). Techniques including 1H and 13C NMR, distortionless
enhancement by polarization transfer (DEPT), heteronuclear multiple-
bond correlation (HMBC), heteronuclear single-quantum coherence
(HSQC), and 1H-1H correlation spectroscopy (COSY) spectra were used
to assign chemical shifts to protons and carbon atoms.

Half-Life of AAP and THI. Half-life was determined by plotting
ln(I/Io) against time according to the equation

lnðI=IoÞ ¼ -kt

where Io and I represent initial and residual concentrations. The half-life
was calculated with the equation

t1=2 ¼ ðln 2Þ=k

where t1/2 is the half-life and k is the apparent elimination constant. In all
cases, the first-order equation provided a satisfactory fit for the data
(r > 0.9), providing the basis for the half-life calculation (28).

RESULTS

Identification of the AAP-Degrading Microorganism. The yeast
strain IM-2 was initially isolated from AAP-degrading soils. Its
clones exhibited a red color on the YEPD plate, and the typical
yeast budding divisions were observed under microscopy. There-
fore, the yeast strain IM-2 belonged to the genus,Rhodotorula. A
28S rRNA gene sequence analysis further confirmed that strain
IM-2 had 99% similarity toR. mucilaginosa. Thus, the strain was
identified as a species of R. mucilaginosa. The accession number
of the nucleotide sequence data of R. mucilaginosa IM-2 is
EF490690 in the GenBank database.

Biodegradation of AAP, THI, IMI, and IMT byR. mucilaginosa
IM-2. Biodegradation of AAP was primarily optimized in AAP-
containing YEPD broth, MSM broth with or without additional
sucrose, as well as sucrose MSM broth, which did not contain
ammonium chloride. R. mucilaginosa IM-2 exhibited the highest
AAP biodegradability in sucrose MSM broth; therefore, sucrose
MSM broth was selected as the medium for further study.
Measurement of the OD600 value indicated that the growth of
R. mucilaginosa IM-2 was significantly inhibited by the addition
of 200 mg/L THI or IMT in sucrose MSM broth, and enhanced
inhibition was observed by the addition of 500mg/LAAP or IMI
(Figure 2). The time course of biodegradation ofAAP (Figure 2A)
showed that R. mucilaginosa IM-2 degraded 93.5% AAP when
incubated for 14 days. The half-life of AAP degradation fitted
first-order dissipation kinetics (R = 0.99) and was calculated to
be 3.4 days. R. mucilaginosa IM-2 degraded 59.9% THI
when incubated for 20 days (Figure 2B). The half-life of THI

Figure 2. Time courses of cell growth and degradation of AAP, THI, IMI, and IMT byR.mucilaginosa IM-2. Under the biotransformation conditions described in
the Materials and Methods, the substrate control without inoculated yeast did not degrade AAP and THI. Therefore, spontaneous decomposition of AAP and
THI was negligible. A, B, C, andD represent degradation of AAP, THI, IMI and IMT byR.mucilaginosa IM-2, respectively. Cell growth wasmeasured at 600 nm
by a spectrophotometer. Bars indicate standard deviation (SD) (n = 9). The open triangle plots represent the parallel control of cell growth without substrate
AAP, THI, IMI, or IMT.
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degradation was 14.8 days (R=0.99). However, under the same
conditions, R. mucilaginosa IM-2 did not degrade IMI
(Figure 2C) or IMT (Figure 2D) (p > 0.05). The bacterium
S. maltophilia CGMCC 1.1788 was previously proven to trans-
formall four of these neonicotinoid insecticides via hydroxylation
of IMI, THI, and IMT and by N-demethylation of AAP (16).
R. mucilaginosa IM-2 only degraded AAP and THI, suggesting
chemical selectivity of the yeast R. mucilaginosa IM-2 in the
biotransformation of neonicotinoid insecticides.

Identification of the Metabolites of AAP and THI. During the
biotransformation, a polar metabolite was observed by HPLC
analysis at a retention time of 4.8 min for THI and 5.6 min for

AAP, respectively, while a comparable peak was not found in the
controls containing inoculated yeast alone and the substrate
alone. The metabolite was not the same as the metabolite IM
2-1 (retention time of 6.4min) and 4-hydroxy THI (retention time
of 6.1 min) following transformation of AAP and THI by S.
maltophilia CGMCC 1.1788, respectively (16, 17). LC-MS
analysis indicated that the AAP metabolite showed a protonated
parent ion (MþH) atm/z 199 and a sodiated adduct (MþNa) at
m/z 221 (Figure 3A). The THI metabolite displayed a protonated
molecule (MþH) atm/z 271 and two fragment ions (M-NH2)
at m/z 254 and (THI imne þ H) at m/z 228 (Figure 3B).

The structure of the purified metabolites was further charac-
terized by NMR. Table 1 lists the data of chemical-shift assign-
ments for the metabolite of AAP. The 13C spectrum showed that
there were only nine carbon atoms, one carbon atom fewer than
the parent AAP, and the carbon atom of the cyano group
(δ 118.0) was not observed in the 13C spectrum. In combination
with the mass spectrum result, it can be concluded that the AAP
metabolite transformed by R. mucilaginosa was the metabolite
IM 1-3, which was reported in the metabolism of AAP in
honeybee, mice, and spinach (9, 10, 18). As shown in Table 2,
two new protons (δ 6.28 and 6.55) were observed in the 1HNMR
spectrum of the THI metabolite. HMBC and HSQC analysis
indicated that these two protons had no correlation with the
carbon atom. Therefore, they were assigned to the protons of the
amide moiety. The number of carbon atoms was identical to the
parent THI; however, the chemical shift of the C10 carbon atom
of THI in the 13C NMR spectrum was not observed, and a new
chemical shift (δ 163.7) appeared in the metabolite, which could
be assigned to the carbon atom of the amide moiety. Therefore,
THI was converted by R. mucilaginosa to form THI amide, a
major metabolite in soil metabolism (20).

The formation ofmetabolites IM1-3 and THI amide (panelsA
and B of Figure 2) indicated that only 15.8% of reduced AAP
(1.90 mmol/L) was converted to IM 1-3 (0.30 mmol/L) after
degradation for 14 days. It seems that degradation via IM 1-3 is a

Figure 3. Mass spectrum of (A) AAP and (B) THI metabolite transformed
by R. mucilaginosa IM-2. The 35Cl/37Cl isotope was observed in mass
spectrum analysis.

Table 1. 13C and 1H NMRChemical-Shift Assignments for the Biotransforma-
tion Product of AAP in DMSO-d6

position 13C NMR spectrum 1H NMR spectrum

C1 149.4

C2 124.5 7.47 (d), 1H, J = 8.2 Hz

C3 139.5 7.69 (d), 1H, J = 8.2 Hz

C4 133.2

C5 149.5 8.29 (s), 1H

C6 47.3 4.90 (s), 2H

C7 170.8

C8 21.9 2.05 (s), 3H

C9 36.1 2.94 (s), 3H

Table 2. 13C and 1H NMRChemical-Shift Assignments for the Biotransforma-
tion Product of THI in DMSO-d6

position 13C NMR spectrum 1H NMR spectrum

C1 149.8

C2 124.7 7.48 (d), 1H, J = 8.2 Hz

C3 140.1 7.80 (dd), 1H, J = 2.4, 8.2 Hz

C4 132.3

C5 150.1 8.40 (d), 1H, J = 2.4 Hz

C6 49.1 4.70 (s), 2H

C7 168.4

C8 22.0 3.02 (t), 2H, J = 7.5 Hz

C9 46.9 3.52 (t), 2H, J = 7.5 Hz

C10 163.7

N11 6.28 (s), 1H, 6.55 (s), 1H



Article J. Agric. Food Chem., Vol. 58, No. 4, 2010 2423

partial metabolic pathway for AAP by R. mucilaginosa IM-2.
Although R. mucilaginosa IM-2 had a lower biodegradation
ability for THI than AAP, it had a higher molar transformation
efficacy because 68.6% reduced THI (0.51 mmol/L) was con-
verted to the corresponding amide metabolite (0.35 mmol/L).
Apparently, hydrolysis to form the amide metabolite was the
main metabolic pathway for THI.

We reported that N-demethylation of AAP and hydroxylation
of THI were mediated by the P450 enzyme system (16, 17). The
biodegradation of AAP and THI by R. mucilaginosa was also
examined following inhibition by the P450 monooxygenase
inhibitor piperonyl butoxide and the flavin monooxygenase
inhibitor methimazole. The results showed that neither substrate
reduction nor metabolite production was affected by piperonyl
butoxide or methimazole, indicating that the biotransformation
of AAP and THI by R. mucilaginosa was not mediated by
monooxygenase systems.

Laboratory Bioassays of IM 1-3 and THI Amide against the

Aphid A. craccivora. In bioassays, replacement of the crucial
pharmacophore cyanoimine in AAPwith the urea group resulted
in IM 1-3, which was inactive at the tested concentrations
(LC50 > 40 mg/L) (Table 3). The THI amide exhibited consider-
able activity, with LC50 values of 2.49 and 5.79 mg/L, but its

activity was 15.6 and 38.6 times lower than the parent compound
THI following oral ingestion and the contact test, respectively
(Table 3). The THI imine analogue with the loss of a cyano group
dramatically decreased the binding affinity to fruit fly head
nAChRs (2), and the 4-ketone THI imine was inactive against
the aphidA. craccivora (17). Substitution of the nitrile group with
an amide group does not lead to thorough deactivation but
reduces the insecticidal activity by at least 1 order of magnitude.

Biodegradation of AAP and THI by R. mucilaginosa in Soils.

The recoveries of AAP and THI from soil samples were more
than 95%; therefore, the residue data were not corrected for the
recoveries. As shown inFigure 4A, the inoculatedR.mucilaginosa
IM-2 exhibited apparent AAP-degrading ability in clay soils
(p < 0.01). The soils inoculated with R. mucilaginosa IM-2
reduced 40.0% AAP (7.6 mg/g soil), while the controls only
reduced 14.5% AAP (2.8 mg/g soil) after incubation for 30 days.
No AAP metabolites were detected in the tested soils and
controls. The soils with additionalR. mucilaginosa IM-2 reduced
39.7% THI (8.0 mg/g soil), and the controls reduced 29.6% THI
(5.9 mg/g soil) (Figure 4B); therefore, R. mucilaginosa IM-2 also
biodegraded THI in clay soils (p<0.05). Surprisingly, in the soils
without microbial activity, the formation of THI amide
was detected. Hence, the formation of THI amide in soils
should be combined with soil microbial hydrolysis and chemical
production.

DISCUSSION

The commercial neonicotinoid insecticides differ considerably
with respect to soil use: AAP is limited (þ), and THI is not
relevant (-), while IMI is broad (þþþ). These differences are
mainly due to soil stability (4). For example, IMI persisted with a
half-life often greater than100days in southernEuropeansoil (29)
and between 36 and 44 days in Indian field soils (30). AAP was
degraded rapidly by aerobic soil metabolism, with a half-life
ranging from 1 to 8.2 days in studies of various U.S. and
European soils, and varied from 16 to 17 days under field
conditions in Indian soils (31). The half-life of THI in soils under
field conditions in northern Europe ranged from 9 to 27 days and
ranged from 10 to 16 days in southern European soil (20). Our
recent data indicated that, in the same soils, the half-lives of AAP
and THI were less than 5 days, while that of IMI and IMT
exceeded 40 days, in laboratory conditions (unpublished data). In
comparison to the above data, AAP and THI are more easily
degraded in soils. Microbial metabolism of AAP and THI in soil
is considered the main elimination route (19, 20). From the
present results, the easily attacked cyanoimine pharmacophore
inAAP and THI is more prone to hydrolysis bymicrobes to form
the urea and amide metabolite, respectively. Surprisingly, the
formation of THI amide was detected in sterilized soils at a level
of 1.6 mg/g of soil on the 15th day (Figure 4B), which implies that
THI amide is partially formed from soil chemical production. In
comparison to sterilized soils, the level of THI amide in unsteri-
lized soils was 14 mg/g of soil following the initial application of
20 mg/g of soil of THI (unpublished data); thus, microbial
hydrolysis is still predominant.

The metabolic pathway of AAP has been studied in honeybee,
mice, spinach, and soils (9, 10, 18, 19). Two different metabolic
pathways for IM 1-3 formation were presented: Brunet et al. (18)
suggested that AAP was metabolized in honeybee by primary
oxidative cleavage of the cyanoimine group to form IM 1-3 and
subsequent N-deacetylation to form IM 1-4, while Ford and
Casida (10) proposed thatAAP in spinach was first cleaved at the
N(CH3)-C(CH3)CN linkage to form IM 1-4, which was subse-
quently acetylated to IM 1-3 (see Figure 1) (10). The metabolite

Table 3. Efficacy of IM 1-3 and THI Amide against the Aphid A. craccivora
Following Oral Ingestion and the Dip Test Bioassay (72 h)a

mode of activity compounds LC50
b (mg/L) FL 95%c slope

contact (dip test)

IM 1-3 >40

AAP 0.19 0.14-0.27 2.28

THI amide 5.79 2.01-16.27 1.05

THI 0.15 0.10-0.21 2.02

oral ingestion

IM 1-3 >40

AAP 0.11 0.05-0.24 1.48

THI amide 2.49 1.93-3.20 2.81

THI 0.16 0.13-0.20 1.62

a The bioassay was replicated 3 times. The number of aphids exceeded 30 in
each independent experiment. The total number of pests was more than 100.
b LC50 = 50% lethal concentration. c FL 95% = 95% fiducial limits.

Figure 4. Biodegradation of (A) AAPand (B) THI byR.mucilaginosa IM-2
in clay soils. The texture clay soils were sterilized before use. The initial
concentration of AAP and THI was 20 mg/g of soil. The recoveries of AAP
and THI were 95.4 and 100.2%, respectively. Because recoveries were
more than 80%, the residue data had not been corrected for the recoveries.
The tested soils were inoculated with 108/g of soil of R. mucilaginosa IM-2,
which was preincubated in sucroseMSMbroth for 4 days. Bars indicate SD
(n = 9).
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IM 1-4 was not detected in HPLC and positive-ion LC-MS
analysis, and the formation of IM 1-3 was not mediated by the
monooxygenase system.Therefore, these findings suggest that the
observedmetabolite IM1-3 is a product of the hydrolysis of AAP
via an IM 1-4 intermediate. However, limited by the fact that no
metabolite was detected following soil biodegradation by the
inoculated yeast, the primary metabolic pathway of AAP by R.
mucilaginosa in soil is still unclear and needs further study.

Besides soil stability, bioefficacy of metabolites is another
important factor affecting the method of neonicotinoid insecti-
cide application. Nauen et al. (26, 32) reported that one of the
plant metabolites, olefin IMI, had 10- and 16-fold greater activity
against whiteflies and aphids, respectively. They speculated that,
after soil application, a few of the biologically active metabolites
originating from the parent compound acted in concert with the
remaining parent compound IMI to provide good control and
long-lasting residual activity against plant-sucking pests in certain
crops. In the soil biodegradation of THI, the formation of the
amide metabolite is the main metabolic pathway (20)
but the insecticidal activity of THI amide is more than 10 times
lower than the parent THI; therefore, biotransformation of
THI via hydrolysis is the mechanism of decreasing bioefficacy.
It is possible that the vulnerability of the cyanoimine pharmaco-
phore involving chemical and microbial action results in
lower soil stability and detoxifying metabolism and reduces the
applicability of neonicotinoids containing cyanoimine moiety
in soil.

Yeast R. mucilaginosa is commonly found in air, soil, and
lakes (33), and R. mucilaginosa IM-2 was proven to biodegrade
AAP and THI in soils. Therefore, R. mucilaginosa may partici-
pate in the soil decomposition of AAP and THI in situ. However,
in comparison to the biodegradation of AAP and THI in natural
soils with half-lives of less than5 days, the biodegradationofAAP
and THI by inoculated pure R. mucilaginosa in soils had longer
calculated half-lives of 43 days. We speculate that, in addition to
yeast R. mucilaginosa, there may be diverse AAP- and THI-
degrading microbes in natural soils, which might act in combina-
tion withR. mucilaginosa to quickly degrade AAP and THI. This
speculation is partially supported by a recent study in our
laboratory where the bacterium Variovorax sp., isolated from
THI-degrading soils, exhibited a high ability to hydrolyze THI to
amide in phosphate buffers (data are not shown).

In the study on the enzyme mechanism of neonicotinoid
insecticides, IMI has been thoroughly elucidated but there is a
lack of understanding of the mechanisms for AAP, THI, and
IMT (1). Schulz-Jander et al. (34) reported that rabbit liver
cytosol with effective nitroreduction of IMI was inactive in the
metabolism of AAP and THI and thereby suggested that the
“imidacloprid nitro reductase” pathways were not available for
AAP andTHI. The hydrolysis of the nitrile group in the herbicide
dichlobenil by Variovorax sp. DSM 11402 was proven to be
mediated by the enzyme nitrile hydratase (35, 36). THI can be
hydrolyzed to THI amide by the same genus Variovorax sp. and
yeast R. mucilaginosa. Therefore, the hydrolysis of THI to the
amide metabolite by R. mucilaginosa may also be mediated by
nitrile hydratase. Because nitrile hydratase and the AAP-degrad-
ing enzyme have not been reported in R. mucilaginosa (37), gene
cloning and expression are underway to help understand the
biochemical mechanism involved in the biotransformation of
AAP and THI.

In conclusion, our work first reported that the yeast R.
mucilaginosa could degrade the neonicotinoid insecticides AAP
and THI in culture and soil. The present study will help in the
design of new neonicotinoids and elucidate the applicability of
neonicotinoid insecticides.
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