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Highlights
® CLO was transformed to TZMU by Phanerochaete sordida.
e Cytochrome P450 is involved in the degradation of CLO.

® The CLO metabolite TZMU exhibited no neurotoxicity.



Abstract

Clothianidin (CLO) is a member of the neonicotinoid pesticides, which have been
widely used worldwide over the last two decades. However, its toxicity for bees and
neurological toxicity for humans are urgent problems. Here, the degradation of CLO by the
white-rot fungus Phanerochaete sordida was examined in nitrogen-limited liquid medium.
After incubation for 20 days at 30 °C, 37% of CLO was degraded in the cultures.
High-resolution ESI-MS and NMR analyses of the culture supernatant identified
N-(2-chlorothiazol-5-yl-methyl)-N'-methylurea (TZMU) as a metabolite of CLO degradation.
The addition of cytochrome P450 inhibitors to the culture medium markedly reduced the
degradation of CLO by P. sordida. And manganese peroxidase, a major ligninolytic enzyme
secreted by this fungus, were not carried out CLO degradation. The effects of CLO and
TZMU on the viability of the neuronal cell line Neuro2a demonstrated that P. sordida

effectively degrades CLO into a metabolite that lacks neurotoxicity.



1. Introduction

Clothianidin ((E)-1-(2-chloro-1,3-thiazol-5-ylmethyl)-3-methyl-2-nitroguanidine, CLO)

belongs to the family of neonicotinoid pesticides, which have been the most widely used

group of pesticides worldwide over the last two decades. In addition to CLO, the

neonicotinoid pesticides registered for use in Japan are acetamiprid (ACE), imidacloprid

(IM1), dinotefuran, thiacloprid, thiamethoxam (THX), and nitenpyram. Neonicotinoid

pesticides are agonists of nicotinic acetylcholine receptors (nAChRs) and exert their selective

biological toxicity by disrupting the central nervous system of insects [1,2]. Recently, the

impacts of CLO, IMI, and THX on bees and the neurological toxicity of ACE and IMI were

reviewed by the European Food Safety Authority (EFSA). Because CLO and other

neonicotinoids have a broad toxicity spectrum for crop pests, CLO has an undesirable

environmental effect, and shows unwanted toxicity to non-target insects, such as honeybees.

Therefore, EFSA and the United States Environmental Protection Agency are suspending

CLO’s registrations. Neonicotinoid pesticides are broadly used in agriculture, horticulture,

tree nurseries, and forestry to control various pests [3]; however, the slow degradation of the

pesticides may lead to residual amounts in the environment. For example, the accumulation of

CLO in soil after multiple years of application has been reported [4]. For this reason, the

elimination and detoxification of neonicotinoid pesticides are needed.

The metabolic pathways of CLO in livestock, crops, soil and water are summarized in

FAO Plant Production and Protection Paper 206 [5]. In soil, two main pathways for CLO

aerobic metabolism have been identified. The first pathway involves the N-demethylation of

CLO to form N-(2-chlorothiazol-5-ylmethyl)-N"-nitroguanidine, and



N-methyl-N"-nitroguanidine is formed by the cleavage of the nitroguanidine moiety in another
pathway. In addition, N-(2-chlorothiazol-5-yl-methyl)-N’-methylurea (TZMU) was obtained
as a minor metabolic product resulting from transformation of the nitroguanidine. Although
the metabolic pathways of CLO have been well studied, there has been no information about
CLO-degrading microorganisms and enzymes.

White-rot fungi secrete ligninolytic enzymes and are able to mineralize lignin [6].
White-rot fungi secrete several oxidases as key ligninolytic enzymes, such as lignin
peroxidase, manganese peroxidase (MnP), and laccase [7]. Generally, low nitrogen
concentration in liquid medium induces ligninolytic enzymes. Phanerochaete sordida mainly
produces MnP; however, the fungus produces hardly any lignin peroxidase or laccase in
Mn-containing liquid medium [8,9]. These fungi also hold a large diversity of cytochrome
P450 enzymes (CYPs) [10]. It is estimated that the diversity of the CYPs are the result of
metabolic adaptation to the degradation of various lignin fragments, production of secondary
metabolites, and detoxification of toxic compounds [10]. For these reasons, the use of
white-rot fungi to degrade recalcitrant environmental pollutants, such as polyaromatic
hydrocarbons, halogenated aromatics, nitro explosives [11], mycotoxins [12], and
endocrine-disrupting compounds [13], has attracted attention as a cost-effective approach for
the bioremediation of soils. We have also reported that the white-rot fungus P. sordida is able
to degrade the neonicotinoid pesticide ACE and that the N-demethylated metabolite is
detected in the culture [14].

In the present study, we investigated CLO degradation by P. sordida in liquid culture,

and a metabolic product was identified by mass spectrometry and nuclear magnetic resonance



(NMR) analysis. The neurological toxicity of CLO and its metabolite were also examined

using the mouse neuroblastoma cell line Neuro2a. This report demonstrates that a white-rot

fungus is capable of degrading the neonicotinoid pesticide CLO into metabolites that lack

neurological toxicity.

2. Materials and methods

2.1. Fungi and chemicals

P. sordida YK-624 (ATCC 90872) isolated from rotten wood [8] was maintained on

potato dextrose agar slants at 4 °C.

All chemicals and solvents used in this study were of analytical grade and were used

without further purification.

2.2. Degradation of CLO by P. sordida

Inoculation of P. sordida mycelium to nitrogen-limited (LN; ligninolytic conditions) and

potato dextrose broth (PDB; nonligninolytic conditions) media (10 ml) was performed as

previously [14]. After statically incubating the flasks at 30 °C for 5 days, 100 ul 10 mM CLO

(DMSO solution) was added to the cultures, which were then further incubated for 5-20 days

at 30 °C (n=3). After that, the cultures were homogenized with 20 mL acetone, then filtered.

The filtrate was evaporated, and the residue, redissolved in methanol, was analyzed by high

performance liquid chromatography (HPLC) on an Inertsil ODS-3 column (4.6 x 250 mm, 5

um; GL Sciences, Tokyo, Japan) with 20% aqueous methanol (1 ml/min) at 270 nm. HPLC

was performed using a JASCO PU-2089 pump with a JASCO MD-2018 PDA detector.



For determination of the effects of ligninolytic enzymes on CLO degradation, MnP was
partially purified and reacted with CLO using the method described by Wang et al. [12].
Briefly, the culture fluid from LN culture was separated from mycelium, dialyzed and
separated by anion-exchange chromatography (DEAE-Separose CL-6B; GE Healthcare).
Then, partially purified MnP (10 nkat), 1 mM manganese sulfate, 0.1 % Tween 80, 5 nkat
glucose oxidase, 2.5 mM glucose, and 10 pl of 10 mM CLO (in DMSO), 50 mM malonate
(pH 4.5) were enzymatically reacted (1.0 ml) for 72 h at 30 °C, 120 rpm. The same reaction

mixture without MnP was used as a control.

2.3. Identification of CLO metabolite

The metabolite was obtained from LN medium (total 5 L) containing 200 mg CLO (in 5
ml DMSOQ) incubated with P. sordida for 20 days. An ethyl acetate extract of the culture was
fractionated by chromatography on a silica gel 60 N column (940 x 600 mm) with successive
elution by acetone/n-hexane (4/6, 6/4, 8/2, 10/0) and methanol. The metabolite was further
purified by HPLC on a Develosil C30-UG-5 column (20 x 250 mm; Nomura Chemical, Japan)
using 20% methanol. The purified metabolite was analyzed by high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS) using a JMS-T100LC mass spectrometer, and

'H- and **C-NMR spectra were recorded using a JEOL Lambda-500 spectrometer.

2.4. Inhibition of CLO degradation by CYP inhibitors
After precultivation as described in Section 2.2, CLO (final concentration 100 uM) and

piperonyl putoxide (PB) or 1-aminobenzotriazole (ABT) was added to the culture flasks (final



0.01, 0.1, and 1 mM, concentrations with low toxicity for white-rot fungus [15]). The flasks

were incubated at 30 °C. HPLC was performed as described in Section 2.2.

2.5. Neurotoxicity of CLO and the metabolite TZMU

Neuro2a cell (Health Science Research Resources Bank, Japan) viability was assayed

using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Dojindo,

Japan) as previously reported [16]. CLO or TZMU was applied to 24 h cultures at various

concentrations, and the viability was measured by MTT assay after an additional 24 h

incubation. Student’s t-test was used to detect significant differences. Differences between

means at a confidence level of 1% were considered to be statistically significant.

3. Results

3.1. CLO degradation by P. sordida

The time courses of CLO degradation in LN and PDB cultures of P. sordida are shown in

Fig. 1. In LN medium, P. sordida degraded 37% of CLO after 20 d of culture. On the other

hand, CLO was reduced by 8% after 20 d of cultivation in PDB medium. These results

indicated that CLO can be degraded by P. sordida. On the other hand, CLO degradation was

not observed in enzymatic reactions with MnP (data not shown).

3.2. Metabolite identification

To identify the metabolites produced during the degradation of CLO, P. sordida was

cultured in LN medium with 160 uM CLO for 20 d. A metabolite was purified from the



culture supernatant. Based on HR-ESI-MS, the molecular formula of the purified metabolite
was CgHsCIN3OS, with an m/z 204.0003[M-H] (calculated for CsH;CIN3OS, 203.9998). This
formula indicates that a nitroguanidine of CLO had been converted to urea. Additionally, the
'H- and **C-NMR spectra of the metabolite were in accordance with those of CLO. Based on
these findings and the chemical-shift assignments (Table 1), the metabolite was determined to

be N-(2-chlorothiazol-5-yl-methyl)-N'-methylurea (TZMU; Fig. 2).

3.3. Inhibition of CYP

CLO degradation by P. sordida in LN medium was inhibited by the addition of CYP
inhibitors (PB or ABT) into the culture (Fig. 3). After 20 days of incubation with PB, the
remaining CLO concentration was 72, 71, and 90 uM in cultures containing 0.01, 0.1 and 1.0
mM PB, respectively, while CLO was reduced to 62 pM in cultures lacking PB (Fig. 3A).
Similarly, after the addition of 0.01, 0.1, and 1 mM ABT, 64, 72, and 90 uM CLO,
respectively, remained after the 20-d culture period (Fig. 3B). In contrast to the CLO
degradation in cultures without CYP inhibitors, markedly lower degradation of CLO was

observed in cultures with CYP inhibitors, particularly at inhibitor concentrations of 1 mM.

3.4. Neurotoxicity of CLO and its metabolite TZMU

To evaluate the neurotoxicity of CLO and TZMU, the effect of these compounds on the
viability of the neuronal cell line Neuro2a was evaluated. Neuro2a cells were treated with 10,
30, 100, 300 uM CLO or TZMU for 24 h, and cell viability was quantified. CLO treatment

significantly decreased the cell viability compared to the untreated control cells, whereas
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TZMU treatment had no apparent effect on cell viability (Fig. 4). This result indicates that the
metabolic modification of CLO by P. sordida converted the molecule to one that was no

longer neurotoxic.

4. Discussion

To our knowledge, this is the first report of the microbial biodegradation of CLO. We
demonstrated that 37% of CLO was degraded by the white-rot fungus P. sordida in LN liquid
medium during 20 days of cultivation (Fig. 1). Notably, TZMU was detected and identified as
a major metabolite of CLO (Fig. 2). The metabolism of CLO has been studied in animals,
plants, and soil [5]. In mice and spinach, the N-nitro group in CLO is reduced to generate
N-nitrosoguanidine or N-aminoguanidine derivatives and cleavage to form guanidine and urea
derivatives (like TZMU) [17]. Although TZMU was found in soil as a metabolite of CLO,
metabolites having a methyl nitrosoguanidine group or methyl aminoguanidine group have
not been detected in soil [5]. Pandey et al. [18] reported that the neonicotinoid pesticides IMI
and THX are transformed to nitrosoguanidine, guanidine, and urea metabolites by the
bacterium Pseudomonas strain 1G. Although microbial metabolism of CLO has not been
described, the present results suggest that the metabolic pathway of CLO in P. sordida is
similar to that observed in mice. Unfortunately, however, no intermediary metabolites were
detected in this study. Although P. sordida is known as a good MnP producer, the fungus
produced hardly any lignin peroxidase or laccase in Mn-containing liquid medium [9].
Therefore, we tried CLO degradation in vitro using partially purified MnP (containing several

isozymes). However, 100% of the CLO was recovered, the same as the MnP-absent control,

11



after 24 h incubation, so we concluded that CLO metabolism was not carried out by MnP.

CYPs of white-rot fungi play an important role in the degradation of recalcitrant
aromatic compounds. [10,19,20]. A number of reports have demonstrated that the CYP
inhibitors PB and ABT inhibit the bioconversion steps in many white-rot fungal species
[14,20-22]. In the present study, CLO degradation was markedly inhibited by PB and ABT
(Fig. 3). Based on this finding, it is proposed that CYPs are involved in the degradation of
CLO. A CYP isozyme in mammals is able to reduce nitro groups of the nitroguanidine moiety
of THX and CLO to form the corresponding N-nitrosoguanidine and N-aminoguanidine
derivatives; after that, urea derivatives (like TZMU) are formed [17]. This suggested that the
reduction of the N-nitro group by CYP reductase is an initial step of CLO degradation by P.
sordida. However, the enzymes involved in the formation of urea derivatives are unknown.
The present study adds the knowledge that CLO degradation can be observed under
ligninolytic conditions, and that CYP is involved in the degradation of CLO, although its
degradation is not dependent on ligninolytic enzymes. In future studies, we plan to examine
how CYPs are involved in CLO degradation by P. sordida.

Neonicotinoid pesticides are widely used worldwide and are effective against a wide
range of insects, including nontarget insects and other organisms, particularly honeybees.
Recent studies have provided evidence that colony collapse disorder, which has led to a
serious decline in the honeybee population, is linked to the use of neonicotinoid pesticides
[23,24]. Wang et al. [25] also reported that five neonicotinoid pesticides (ACE, IMI, CLO,
thiacloprid, and nitenpyram) are highly toxic to earthworms. The insecticidal activity of

neonicotinoid pesticides is based on their activity against nAChRs. IMI mediates toxic effects

12



in honeybees by binding to NAChRs and has an ICso value of 2.9 nM; its urea metabolite has

an ICso value >100,000 nM [26]. Therefore, we speculate that the urea metabolite of CLO

(TZMU) also has low toxicity in honeybees. Neonicotinoid pesticides are broadly used in

agriculture because they have a much higher affinity for the nAChRs of insects compared to

those in vertebrates [27]; however, these pesticides may be neurotoxic to humans [28]. In the

biodegradation of environmental pollutants, toxicity reduction is the primary aim. Although

acute and chronic toxicity tests of neonicotinoid pesticides often use insects, we evaluated the

neurotoxicity of CLO and TZMU by analyzing the viability of the mouse neuronal cell line

Neuro2a. CLO treatment at 30 to 300 uM significantly decreased neuronal cell viability,

whereas no remarkable neuronal cell death was observed after TZMU treatment (Fig. 4). Thus,

the metabolic modification of CLO by P. sordida is expected to abolish its neurological

toxicity.

In summary, we demonstrated that the white-rot fungus P. sordida is able to degrade

CLO into the nontoxic metabolite TZMU. The present findings also suggest that CYPs play

an important role in the degradation of CLO by P. sordida. And CLO degradation is not

dependent on manganese peroxidase.
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Figure captions

Fig. 1 Time course of CLO degradation by P. sordida. Closed circles: PDB medium, and open

circles: LN medium. Values are the means = SD of triplicate samples.

Fig. 2 Heteronuclear multiple bond correlation (HMBC) for the identified CLO metabolite.

Fig. 3 Effects of the cytochrome P450 inhibitors PB (A) and ABT (B) on the degradation of

CLO by P. sordida in LN medium. Closed circles: 0 mM, closed squares: 0.01 mM, closed

triangles: 0.1 mM, and closed diamonds: 1 mM. Values are the means + SD of triplicate

samples.

Fig. 4 Neurotoxicity of CLO and its metabolite TZMU. Values are the means + SD of 12

samples. Asterisks indicate values that were determined by Student’s t-test to be significantly

different from the untreated control (*P < 0.01).

Table legends

Table 1 *H- and *C-NMR data for TZMU (in CD3;0D).
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Table 1 *H- and™*C-NMR data for TZMU (in CD;0D).

Position 'H N
OH ¢

2 - 152.7

4 7.40 139.5

5 - 142.8

6 4.40 37.4

8 - 161.3
10 2.69 27.0




