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Abstract—Thiamethoxam is widely used to control pests, but it is harmful to nontargeted organisms and envi-
ronments. In this study, the degradation of the insecticide was determined in liquid media, maize straw, and
soil by fungal and bacterial strains, Phanerochaete sp. Th1 and Ensifer sp. Th2, isolated from soil. Both iso-
lates utilized the compound used as a sole carbon, nitrogen, and sulfur source. The inoculation of both strains
enhanced degradation rates compared to those of any single isolate. For example, the determination kinetics
showed that the maximum degradation rates of Phanerochaete sp. Th1, Ensifer sp. Th2, and mixed culture of
them were 0.53 ± 0.05, 0.74 ± 0.07, and 0.81 ± 0.08 mg/day, respectively. In addition, Phanerochaete sp. Th1
showed effective degradability towards hemicellulose, cellulose, and lignin in maize straw. Moreover, the
inoculation of both strains increased thiamethoxam degradation in maize straw during solid-state fermenta-
tion. The inoculation of isolated strains also enhanced degradation in soil. The determination of metabolites
and Cl– generated during thiamethoxam degradation showed that the fungus dechlorinated initially, whereas
the bacterial strain removed Cl– after some transformation steps. This study demonstrates that isolated fungal
and bacterial strains are suitable for thiamethoxam degradation in liquid media, rice straw, and soil.
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Neonicotinoids are the most widely used class of
insecticides worldwide [1], with applications in over
120 countries [2]. Thiamethoxam having formula (E)-
N-(3-(2-chlorothiazol-5-yl)methyl)-5-methyl-1,3,5-
oxadiazinan-4-ylidene)nitramide, is a neonicotinoid
widely used in the agricultural sector to protect crops
owing to its highly selective activity in controlling
insects. Neonicotinoids cause reproductive and hor-
monal toxicity, genotoxicity, neurotoxicity, hepato-
toxicity, and immunotoxicity in vertebrates [3]. Thia-
methoxam harms many species, including birds, fish,
and non-target insects [4], and invertebrates [5].
Moreover, thiamethoxam significantly affects micro-
bial diversity and changes the bacterial community
structure [6–8].

Thiamethoxam migrates through runoff and accu-
mulates in water and soil owing to high water solubility
and low soil adsorption. The compound has been
detected up to 7.44 mg/kg in soil [9], 20.1–225 μg/L
in freshwater [5], 67% of samples collected from the
central Wisconsin groundwater [10]. Thiamethoxam
exhibits environmental persistence, with the half-time
varying from months to years [11]. Therefore, the
elimination of thiamethoxam in contaminated envi-
ronments is needed urgently.

Some studies on using physicochemical methods
to eliminate thiamethoxam have been conducted.

Examples include plasma discharge and TiO2 photo-
catalysis [12], heat-activated and ultrasound-activated
persulfate [13], and sulfate-doped Ag3PO4 [14]. Bio-
degradation by microorganisms is a natural and effec-
tive method for eliminating organic pollutants. Several
white-rot fungi and bacterial strains have been isolated
and determined for thiamethoxam degradation, such
as Pseudomonas sp. 1G [15], Ensifer adhaerens [16],
Bacillus aeromonas, Pseudomonas putida [17], Entero-
bacter cloacae [18], Phanerochaete chrysosporium [19],
P. aeruginosa, P. putida, P. fluorescens [20], and Labrys
portucalensis [21]. The degradation pathways have also
been analyzed in previous studies. However, only a few
studies on the augmentation of thiamethoxam degra-
dation in soil using inoculated microbial strains have
been reported [22].

Composting has been applied using microorgan-
isms to degrade maize straw components, that is,
hemicellulose, cellulose, and lignin [23, 24]. Munici-
pal solid waste composting was applied to degrade sev-
eral pesticides, namely thiamethoxam, clothianidin,
fludioxonil, and E-azoxystrobin [25]. He et al., [26]
showed that applying a pesticide in a maize field
caused the contamination of thiamethoxam in soil,
maize straw, and maize cob. The contamination by
thiamethoxam in the maize straw was 0.31–
0.40 mg/kg and remained in the tissues for up to 30–
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40 days [26]. This study aimed to (1) isolate and char-
acterize fungal and bacterial strains from soil using
thiamethoxam as a sole carbon, nitrogen, and sulfur
source, (2) apply them to degrade maize straw compo-
nents (including both chopped corn straw and corn
stalks) and thiamethoxam during solid-state fermen-
tation, (3) determine the thiamethoxam degradation
in soil by the isolated microbial strains, and (4) iden-
tify the intermediate products of thiamethoxam degra-
dation.

MATERIALS AND METHODS

Enrichment and isolation of thiamethoxam-degrad-
ing microorganisms. Cultivated soil samples were col-
lected from a maize field in Dong Thap Province
(10°36′43.1′′ N 105°22′02.2′′ E), Viet Nam, where
farmers have extensively used pesticides. The soil was
transferred to the laboratory within the day. The soil
samples were mixed, pulverized, and sieved through
2-mm mesh before determining the physicochemical
properties. The soil contained 45.5 ± 4.1% sand,
22.1 ± 2.0% silt, and 32.4 ± 2.8% clay. The pH of soil
was 6.5 ± 0.4. Other chemical components included
2.5 ± 0.2% total C, 0.16 ± 0.0% total N, 33.7 ±
3.1 ppm P2O5, and 12.5 ± 1.0 ppm K2O.

Next, soil samples, each weighing 500 g, were
transferred to plastic containers (length × width ×
depth = 15 × 25 × 20 cm). Dry soil was supplemented
with 2 mg/kg thiamethoxam and incubated for
25 days, then with 5 mg/kg thiamethoxam for 25 days,
and subsequently, 10 mg/kg thiamethoxam for
25 days. Sterile water was sprinkled at a soil moisture
content of 50%. The container was capped with a plas-
tic cover and placed in the dark at room temperature
(~30°C). During the incubation process, sterile water
was added to maintain the soil moisture, and the soil
was mixed every five-day period.

After soil enrichment, 2 g of soil was dispensed in
500 mL flask containing 200 mL mineral medium
(MM) supplemented with 10 mg/L thiamethoxam.
After incubating for 10 days, 2 mL of mixture was
transferred into new a portion of the MM supple-
mented with thiamethoxam at the same concentra-
tion. The process was conducted for 3 consecutive
cycles, and the liquid medium was used to isolate thia-
methoxam-degrading microorganisms.

For isolation, the enriched liquid media were
diluted and spread onto agar plates of MM (2% agar,
wt/vol) supplemented with 10 mg/L thiamethoxam as
a sole carbon, nitrogen, and sulfur source. The plates
were incubated for 10 days at room temperature.
Emerged colonies of bacteria and fungi were purified
and tested for their ability to degrade thiamethoxam.
The bacterial strains were identified using the method
described by Ha [27]. For the isolated fungal strain,
the region of the internal transcribed spacers (ITS) of
the ribosomal DNA (rDNA) was amplified with uni-
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versal primers ITS1 (5′-TCCGTAGGTGAACCTG-
CGG-3′) and ITS4 (5′-TCCTCCGCTTATTGA-
TATGC-3′). The PCR products were sequenced by
Bioneer Corporation (South Korea). The similarities
in the sequences of the rDNA of bacterial strains and
ITS fragments were identified by running the BLAST
search in the EzBioCloud.

Thiamethoxam degradation in mineral medium
(MM). Culture media. The MM was used to isolate
bacteria and thiamethoxam degradation. The components
of the MM included (g/L): Na2HPO4—2.79, KH2PO4—
1.00, MgCl2·6H2O—0.20, and 1.0 mL of trace mineral
solution. The trace mineral solution consisted of (g/L):
H3BO3—0.30, FeCl2·6H2O—0.20, ZnCl2·7H2O—0.10,
Na2MoO4·2H2O—0.03, MnCl2·4H2O—0.03), and
CuCl2·2H2O—0.01. Ammonium sulfate was used as an
additional nitrogen and sulfur source at 0.5 g/L. The
pH was adjusted to 7.0 ± 0.1 using HCl and NaOH.
The solid medium was obtained by adding 2.0% agar.
All media were autoclaved at 121°C for 15 min.

Compatibility assay among isolated strains. An agar
plate with MM supplemented with 10 mg/L thiame-
thoxam was inoculated in the middle with the hyphae
of the fungal isolate. The plate was incubated at room
temperature for 5 days when the fungal hyphae formed
a colony with diameter of approximately 2 cm. The
plate was inoculated with the bacterial strain approxi-
mately 1 cm from the fungal hyphae using a sterile
toothpick and incubated for additional 5 days. Their
antagonistic effects were exhibited based on the inhi-
bition zone formation.

Thiamethoxam utilization by individual isolated
strains and mixed culture. The bacterial strain was cul-
tured in MM supplemented with 10 mg/L thiame-
thoxam for 15 days. The culture containing approxi-
mately 1.55 × 108 CFU/mL, was used for inoculation.
A fresh MM was added with the spent medium to
approximately 106 CFU/mL. The fungus was culti-
vated on potato dextrose agar slants at 30°C for 7 days.
Formed spores were gently scraped from the agar sur-
face and suspended in sterile distilled water,
106 spores/mL, before inoculating the MM. For the
degradation experiments by a mixture, the bacterial
strain and fungus had 0.5 × 106 CFU/mL and 0.5 ×
106 spores/mL, respectively. The utilization of thia-
methoxam by individual isolated strains and mixed
culture of bacterial and fungal strains was conducted
in the MM at thiamethoxam concentrations of 2, 10,
25, and 50 mg/L. The incubation was conducted at
room temperature and a shaking speed of 150 rpm.
The culture samples were collected to determine the
remaining substrate and produced metabolites.

For the determination of utilization kinetics, thia-
methoxam was supplemented at various concentra-
tions (from 0.5 to 100 mg/L) in the MM with ammo-
nium sulfate. The obtained results were used to calcu-
late kinetic parameters.
l. 59  No. 6  2023
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Degradation of thiamethoxam and maize straw com-
ponents during solid-state fermentation. The maize
straw was obtained from the maize field at which soil
was collected as described above after the autumn har-
vest and chopped to 0.5–1.0 cm sizes. The straw was
dried at 45oC for 4 days. For the experiment with ster-
ile control, the straw was autoclaved at 121°C for
15 min. The main components of the maize straw were
as follows: 37.4 ± 1.5% cellulose, 28.7 ± 1.1% hemicel-
lulose, 9.58 ± 1.0% lignin, 10.8 ± 0.9% moisture,
5.1 ± 0.3% ash, 40.5 ± 3.3% carbon, and 4.7 ± 0.6%
nitrogen. Two hundred g of maize straw mixture in the
dry state was transferred into a plastic box as described
above. Thiamethoxam was spiked at 2 and 10 mg/kg in
dry straw. The moisture content was set to approxi-
mately 50% mass, monitored, and adjusted during fer-
mentation.

The isolated bacterial strain was cultured in the
MM supplemented with 10 mg/kg thiamethoxam for
15 days, collected by centrifuging for 10 min at 6800 g,
and resuspended in the fresh MM to 108 CFU/mL.
For the fungus inoculation, the process was conducted
as described above. Bacterial strain or fungus was
inoculated to the maize straw at 106 CFU/g and
106 spores/g dry straw, respectively. For the inocula-
tion of their mixed culture, each was 0.5 × 106 CFU/g
and 0.5 × 106 spores/g dry straw, respectively. The
incubation was conducted for the enrichment process
for 25 days, as described above.

Thiamethoxam degradation in soil. Soil samples
were collected from the maize field, transferred to the
laboratory, and processed as described above. The soil
treatment was conducted using free and immobilized
cells. The treatment using free cells was performed as
the fermentation method. For the immobilized cells,
individual bacterial and fungal strains or mixture of
them were suspended in 500 mL flasks containing
200 mL of MM to approximately 109 CFU/mL. A
maize straw mixture weighing 100 g in the dry state was
added to each flask. The f lask was shaken at 50 rpm for
24 h at room temperature. The liquid medium was
removed, and the straw was rinsed twice with fresh
MM. The numbers of bacteria and fungi immobilized
in the maize straw were determined based on the
CFU/mL in the liquid medium.

The bacterial strain, fungus, or their mixed culture
were inoculated at 106 CFU/g dry soil. Thiamethoxam
was spiked at 2.0 mg/kg of dry soil (as the recom-
mended dosage in crops [8]) and 10 mg/kg of dry soil.
The moisture content was controlled at approximately
50% mass. Thiamethoxam concentrations in the soil
were determined after 25 days of incubation.

Analytical methods. Thiamethoxam concentrations
were determined by HPLC described by Ha [27], and
the degradation products were analyzed using LC–
MS described by Zhou et al., [16].
APPLIED BIOCHEMI
For thiamethoxam extraction, the soil, straw, and
soil with straw samples of 10.0 g each were pulverized
using a mortar and pestle, transferred into 50 mL cen-
trifuge tube containing 10 mL acetonitrile and 5 mL
deionized water. The tube was vortexed for 5 min and
shaken at 500 rpm for 30 min. The liquid media were
collected and filtered using a 0.22 μm syringe filter
(Merck, Germany) to determine the substrate con-
centrations. The extraction efficiencies from the soil
and straw were 94.7 and 91.6%, respectively.

Hemicellulose, cellulose, and lignin contents of
maize straw were determined using the Van Soest’s
method [28]. Hemicellulose was estimated based on
the difference between the neutral-detergent and the
acid-detergent fibers, whereas cellulose was deter-
mined as the difference between the acid-detergent
fiber and the acid-detergent lignin. Lignin was esti-
mated as the difference between the detergent lignin
and the ash content.

Statistical analysis. The data obtained from at least
three replicates were shown as the means ± standard
deviation. The variance and the significant differences
were calculated using Duncan’s test in SPSS software
program version 22.0.

RESULTS AND DISCUSSION
Isolation and identification of fungal and bacterial

strains degrading thiamethoxam. After enrichment and
isolation, several fungal and bacterial strains degrad-
ing the thiamethoxam were isolated. A fungal strain
and a bacterial strain used the herbicide as a sole car-
bon, nitrogen, and sulfur source to grow. Based on a
BLAST search of the sequences, they are closely
related to Phanerochaete sp. and Ensifer sp., respec-
tively. The strains were Phanerochaete sp. Th1 and
Ensifer sp. Th2, respectively. The isolates have been
deposited at the Culture Collection in the Center for
Biochemical Analysis (Dong Thap University, Viet
Nam) with deposition numbers BTh1-2022 for Pha-
nerochaete sp. Th1 and BTh2-2022 for Ensifer sp. Th2.
In addition, the 16S rDNA sequences of them have
been deposited to GenBank under accession numbers
OQ592854 and OQ592855, respectively.

Thiamethoxam degradation by fungus and bacteria
in liquid media. Before the experiment, the compatibil-
ity of the isolated strains was analyzed. The results
showed that these strains had no antagonistic effects
on each other. Therefore, they were suitable for con-
ducting experiments with the mixed culture.

The thiamethoxam degradation rates of the fungus,
bacteria, and their mixture differed at various sub-
strate concentrations. The increase in the thiame-
thoxam concentrations decreased the degradation
percentages (Fig. 1). Phanerochaete sp. Th1 showed
higher degradation rates than Ensifer sp. Th2 at high
concentrations (25 and 50 mg/L) but lower degrada-
tion performances at low concentrations (2 and
STRY AND MICROBIOLOGY  Vol. 59  No. 6  2023
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Fig. 1. Utilization of thiamethoxam used as sole carbon, nitrogen, and sulfur source by Phanerochaete sp. Th1 (a), Ensifer sp. Th2 (b)
and mixed culture (с) grown in MM supplemented with 2 (1), 10 (2), 25 (3), and 50 mg/L (4) of thiamethoxam. The abiotic con-
trol (5) (25 mg/L) showed no degradation. 
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10 mg/L). For utilization as a sole carbon, nitrogen,
and sulfur source, thiamethoxam at 2 mg/L was com-
pletely utilized within 15 days by Phanerochaete sp.
Th1 (Fig. 1a) and 8 days by Ensifer sp. Th2 (Fig. 1b).
At an initial concentration of 50 mg/L, the substrate
was utilized at 37.0 ± 6.2 and 17.7 ± 4.4% by Phanero-
chaete sp. Th1 and Ensifer sp. Th2, respectively, for
25 days. Meanwhile, the mixed culture of these iso-
lates completely utilized the compound taken at 2, 10,
and 25 mg/L concentration within 5, 15, and 25 days,
respectively (Fig. 1c). At 25 and 50 mg/L, thiame-
thoxam degradation by the mixed culture was similar
to that by Phanerochaete sp. Th1 until 15 and 20 day,
respectively, but the degradation rates were higher
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
than those for any individual strain at the following
time. Bacteria could effectively degrade the substrate
when its concentration was reduced, probably result-
ing in increase of degradation.

Some previous studies described thiamethoxam
degradation by isolated bacteria and fungi as a single
carbon source, nitrogen, and sulfur source, namely
Labrys portucalensis F11 [21] and Ensifer adhaerens
TMX-23 [16]. Other microorganisms degrade the
compound as a sole carbon source. Endophytic
Enterobacter cloacae TMX-6 degrades 20% of the
compound used as the sole carbon source at 10 mg/L
after 15 days [18]. Twelve bacterial species isolated
from agricultural soils degraded the substrate from
l. 59  No. 6  2023
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Fig. 2. Relationship between the rates of utilization of thia-
methoxam taken at different concentrations by Phaneroch-
aete sp. Th1 (1), Ensifer sp. Th2 (2) and mixed culture (3)
in MM supplemented with ammonium sulfate. 
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20.88 to 45.28% after 15 days in a liquid medium [17].
P. chrysosporium degraded 98, 74, and 27% of the
compound for 25 days at initial thiamethoxam con-
centrations of 10, 20, and 50 mg/L, respectively, in
Kirk’s liquid culture medium [19].

Thiamethoxam degradation kinetics. The utilization
rates in this experiment were conducted in the MM
medium supplemented with ammonium sulfate,
during the exponential growth of isolated strains. The
curves of utilization followed the saturation kinetics of
the Edwards model given by the equation: V =
Vmax[exp(–S/Ki) – exp(–S/Ki)]. The thiamethoxam
utilization by Phanerochaete sp. Th1 and the mixed
culture were the highest at 75 mg/L, while the highest
rate of Ensifer sp. Th2 was found at 50 mg/L (Fig. 2).

The maximum utilization rates (Vmax) of Ensifer sp.
Th2 and the mixed culture were not statistically different
and significantly higher than that of Phanerochaete sp.
Th1 (Table 1). Meanwhile, apparent half-saturation
coefficient (Ks) of Ensifer sp. Th2 was significantly
lower than that of Phanerochaete sp. Th1 and the
mixed culture. The order of inhibition coefficient (Ki)
values induced by thiamethoxam was as follows:
Ensifer sp. Th2 < Phanerochaete sp. Th1 < mixed cul-
ture (Table 1). These results indicated that Phaneroch-
aete sp. Th1 could tolerate at a higher thiamethoxam
concentration compared to Ensifer sp. Th2, and both
isolates cooperated during the degradation process.

The degradation rates in the medium with the
addition of ammonium sulfate were higher than those
of thiamethoxam utilization when the compound was
used as the sole carbon, nitrogen, and sulfur source.
For instance in the medium with ammonium sulfate,
the degradation at 10 mg/L (3.43 µM) by Phaneroch-
aete sp. Th1 and Ensifer sp. Th2 was 74.6 ± 9.7 and
98.0 ± 8.1% on the 10 day, respectively. The degrada-
tion by the mixture was almost complete after 8 days
(Fig. 3).

The addition of co-substrates increased the cell
density, facilitating the degradation rate. Boufercha
et al., [21] showed that the degradation by Labrys por-
tucalensis F11 depended on thiamethoxam concentra-
tions and increased with the addition of nitrogen and
sulfur sources in media. The addition of glucose
caused Pseudomonas sp. 1G to degrade by 70% of both
APPLIED BIOCHEMI

Table 1. Apparent kinetic parameters of utilization rates of Ph
them

(*) The lowercase superscript letters show statistically significant d
indicate statistically significant differences among treatments in the

Microorganisms

Phanerochaete sp. Th1
Ensifer sp. Th2
Mixed culture of Phanerochaete sp. Th1 and Ensifer sp. Th2
thiamethoxam and imidacloprid (50 mg/L) after
14 days [15].

Metabolites and Cl– produced during thiamethoxam
degradation. During thiamethoxam degradation by
individual isolates, metabolites were produced. For
the degradation by Phanerochaete sp. Th1, an interme-
diate product with m/z 274 was proposed to have the
elemental composition of C8H11N5O4S [19]. Other
transient products having m/z of 161 and 101, corre-
sponded to the elemental compositions of C4H8N4O3
and C3H7N3O, respectively [19]. For the degradation by
Ensifer sp. Th2, metabolites with m/z 248 and 192 were
identified to be C8H10ClN3O2S and C5H6ClN3OS,
respectively [21]. These metabolites were also detected
during the degradation by the mixed culture.

Cl– was released during the substrate degradation
(Fig. 2). On the third day, the released Cl– concentra-
tions were 82.8 ± 10.9, 32.2 ± 14.1, and 70.0 ± 9.0% of
thiamethoxam transformed by Phanerochaete sp. Th1,
Ensifer sp. Th2, and the mixed culture, respectively.
The corresponding data for the 10 day were 80.4 ± 9.7,
80.6 ± 8.1, and 84.0 ± 8.7%. These results indicate
that Phanerochaete sp. Th1 initially dechlorinated the
substrate, and Ensifer sp. Th2 dechlorinated the sub-
strate after some transformation steps.

Degradation of straw components and thiame-
thoxam during solid-state fermentation. In the control
STRY AND MICROBIOLOGY  Vol. 59  No. 6  2023

anerochaete sp. Th1, and Ensifer sp. Th2 and mixed culture of

ifferences within a line, whereas the capitalized superscript letters
 same column (p < 0.05).

Vmax, mg/day(*) Ks, mg(*) Ki, mg(*)

0.53 ± 0.05a 2.65 ± 0.28b 58.14 ± 4.88b

0.74 ± 0.07b 2.14 ± 0.21a 28.62 ± 3.17a

0.81 ± 0.08b, c 2.34 ± 0.23a, b 77.64 ± 7.41c
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Fig. 3. Degradation of thiamethoxam taken at 10 mg/L (3.43 µM) and release of Cl- by Phanerochaete sp. Th1 (1, 2), Ensifer sp.
Th2 (3, 4), and their mixed culture (5, 6) in MM supplemented with ammonium sulfate. 
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without inoculation, the low amounts of hemicellu-
lose, cellulose, and lignin were reduced. In addition,
thiamethoxam was dissipated in the control treat-
ments. The dissipation of these components occurred
probably owing to the chemical and physical pro-
cesses. The inoculation of Phanerochaete sp. Th1 and
Ensifer sp. Th2 enhanced the degradation of straw
components and thiamethoxam in all treatments.
Ensifer sp. Th2 exhibited higher thiamethoxam degra-
dation than Phanerochaete sp. Th1 at 2 mg thiame-
thoxam/kg treatment of dry straw, whereas the degra-
dation by the fungus was higher than by bacterial strain
at 10 mg/kg (Table 2). The degradation by any strain at
this concentration was higher than that at 10 mg/kg.
However, the specific degradation rates at 10 mg/kg
were higher than those at 2 mg/kg. For example, the
degradation of thiamethoxam at 2 mg/kg in nonsteril-
ized straw by the mixed culture was 1.94 ± 0.04 mg
after 25 days, whereas that at 10 mg/kg was 5.59 ±
0.66 mg.

The degradation rates of the sterile and nonsterile
substrates were not statistically different, indicating
that the degradation of straw components and the
insecticide was mostly performed by Phanerochaete
sp. Th1 and Ensifer sp. Th2. The inoculation of the
isolates in the straw resulted in faster thiamethoxam
removal than the natural dissipation in a previous
study [26]. The degradation of hemicellulose, cellu-
lose, lignin, and thiamethoxam of the mixed culture
was higher than that by individual isolates in several
treatments. Moreover, the degradations of hemicellu-
lose, cellulose, and lignin were not statistically differ-
ent at 2 and 10 mg thiamethoxam/kg dry straw. These
results indicated that thiamethoxam at these concen-
trations did not affect the degradation of the straw
components.

The fungus exhibited higher degradation of straw
components than Ensifer sp. Th2. The degradation rates
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
of hemicellulose and cellulose by Phanerochaete sp. Th1
were not statistically different, but they were signifi-
cantly higher than those of lignin. Meanwhile, the
degradation percentages of hemicellulose, cellulose,
and lignin by Ensifer sp. Th2 were not statistically dif-
ferent in all the treatments. Lignin is a highly
branched, irregular three-dimensional organic poly-
mer. Its degradation was slower than that of hemicel-
lulose and cellulose in some previous studies [29, 30].
The enhancement of lignin degradation and the con-
version of intermediate metabolites by the synergistic
mechanism between microorganisms has been
reported [31].

Some species of Phanerochaete degrade maize
straw components during composting. P. chrysospo-
rium degrades 40.0% cellulose and 64.3% lignin of
mixed maize straw and canola residue after 30 days
[23]. The mixed culture of P. chrysosporium, Trametes
versicolor, and Pleurotus ostreatus degraded 43.36,
31.29, and 48.36% of lignin, cellulose, and hemicellu-
lose, respectively, under optimal conditions [24].

Composting has been applied to degrade pesticides
and other toxic compounds. Thiamethoxam elimina-
tion using municipal solid waste composting was
determined [25]. Some Phanerochaete species degrade
organic toxic compounds during composting, such as
herbicides [32], and 4-nonylphenol [33]. This study
showed that Phanerochaete sp. Th1 could be used to
effectively compost and degrade thiamethoxam.

Thiamethoxam dissipation in soil. The thiame-
thoxam degradation rates in the inoculated soil sam-
ples were typically higher than those in the noninocu-
lated soil (Table 3). The treatment with free and
immobilized forms was significantly higher than that of
any individual isolate at 10 mg/kg. These results indicated
that both Phanerochaete sp. Th1 and Ensifer sp. Th2
adapted to the new environment. More than 90% thia-
methoxam at 2 mg/kg of dry soil was dissipated in the
l. 59  No. 6  2023
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Table 2. Degradation of hemicellulose, cellulose, lignin, and thiamethoxam during solid-state fermentation for 25 days

(*) The lowercase superscript letters show statistically significant differences within a line (p < 0.05).

Thiamethoxam, 
mg/kg dry straw Straw Components

Thiamethoxam degradation, %(*)

control fungus bacteria fungus and 
bacteria

2 Sterilized straw Hemicellulose 8.2 ± 1.3a 40.6 ± 5.6c 18.5 ± 3.3b 50.2 ± 7.1d

Cellulose 9.4 ± 1.5a 37.5 ± 5.5c 16.4 ± 3.3b 40.4 ± 6.4c

Lignin 10.8 ± 2.1a 30.5 ± 5.1c 20.5 ± 3.5b 41.4 ± 6.4d

Thiamethoxam 15.4 ± 3.1a 77.5 ± 5.6b 93.3 ± 3.5c 95.6 ± 2.2c

Nonsterilized 
straw

Hemicellulose 10.8 ± 2.2a 42.7 ± 5.8c 17.4 ± 3.1b 48.2 ± 6.9c

Cellulose 8.3 ± 2.4a 37.5 ± 5.2c 17.0 ± 2.6b 44.2 ± 6.5c

Lignin 11.8 ± 2.2a 31.8 ± 4.5c 20.2 ± 3.6b 40.2 ± 5.5d

Thiamethoxam 17.2 ± 3.5a 80.7 ± 6.0b 95.5 ± 2.5c 96.8 ± 1.8c

10 Sterilized straw Hemicellulose 9.4 ± 1.9a 40.4 ± 5.3c 20.5 ± 3.1b 42.5 ± 5.3c

Cellulose 8.2 ± 2.1a 39.6 ± 5.6c 17.7 ± 2.4b 40.1 ± 6.5c

Lignin 12.2 ± 3.5a 29.6 ± 3.6b 22.2 ± 3.5b 44.6 ± 5.7c

Thiamethoxam 8.3 ± 2.6a 50.3 ± 5.7bc 42.5 ± 6.2b 58.4 ± 6.8c

Nonsterilized 
straw

Hemicellulose 10.1 ± 2.4a 39.7 ± 4.8c 21.6 ± 4.0b 47.4 ± 5.5d

Cellulose 8.3 ± 2.4a 41.8 ± 6.3c 17.1 ± 3.8b 39.5 ± 5.0c

Lignin 11.8 ± 3.0a 30.3 ± 4.7c 21.8 ± 3.9b 43.3 ± 4.8d

Thiamethoxam 7.8 ± 2.9a 47.6 ± 5.5b 40.4 ± 5.5b 59.4 ± 6.6c

Table 3. Thiamethoxam dissipation in soil for 25 days

(*) The lowercase superscript letters show statistically significant differences within a line, whereas the capitalized superscript letters
indicate statistically significant differences among treatments in the same column (p < 0.05).

Thiamethoxam, 2 mg/kg dry soil(*) Thiamethoxam, 10 mg/kg dry soil(*)

sterilized soil nonsterilized soil sterilized soil nonsterilized soil

Control 18.4 ± 2.8Aa 54.8 ± 7.4Ac 10.6 ± 3.3Aa 40.2 ± 5.4Ab

Fungus Free 57.6 ± 7.1Bb 90.4 ± 3.5Bc 41.7 ± 5.1Ba 54.8 ± 6.2Bb

Immobilized cells 67.4 ± 5.3Cb 92.4 ± 4.3Bc 54.4 ± 6.1Ca 67.0 ± 6.1Cab

Bacteria Free 74.8 ± 6.5CDb 94.6 ± 1.5Bc 52.5 ± 6.7BCa 64.2 ± 6.4Ca

Immobilized cells 78.1 ± 6.4DEb 95.1 ± 4.2Bc 58.1 ± 6.2CDa 71.1 ± 7.2CDb

Fungus
and bacteria

Free 85.1 ± 4.8EFb 95.1 ± 1.3Bc 63.1 ± 7.0CDa 78.2 ± 6.2DEb

Immobilized cells 88.4 ± 3.3Fbc 96.5 ± 2.5Bc 68.7 ± 7.1Cda 84.3 ± 5.8Eb
augmented soil without sterilization, whereas the deg-
radation at 10 mg/kg of dry soil was less than 90%
(Table 3).

The degradation in soil inoculated with Ensifer sp.
Th2 was significantly higher than that with Phanero-
chaete sp. Th1 at 2 mg thiamethoxam/kg dry soil; the
rates of each isolate at 10 mg/kg were not statistically
different. The results prove that Ensifer sp. Th2 exhib-
its better degradation of thiamethoxam at low concen-
APPLIED BIOCHEMI
trations. The degradation in soil inoculated with
immobilized Phanerochaete sp. Th1 was significantly
higher than that with the free counterpart in most
treatments. Phanerochaete sp. Th1 might degrade
maize straw, which provided nutrients for the fungus
to grow and degrade the insecticide. However, the
degradation performances of the free and immobilized
cells of bacteria and the mixed culture were not statis-
tically different in other treatments (Table 3).
STRY AND MICROBIOLOGY  Vol. 59  No. 6  2023
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The reduction in thiamethoxam concentration in
the nonsterile soil was significantly higher than that in
the sterile soil, indicating that indigenous microorgan-
isms could degrade the compound. Thiamethoxam
dissipation was also observed in the sterile soil; proba-
bly, the substrate was degraded by physical and chem-
ical processes, or it was absorbed into soil components
and could not be extracted.

Some previous studies described thiamethoxam
dissipation in soil [7, 34]. Yu et al., [6] observed that
thiamethoxam biodegradations in soil for 112 days
were 44.68, 37.35, and 34.74% at 0.02, 0.2, and
2.0 mg/kg, respectively. Thiamethoxam degradation
in soil based on the substrate concentrations and soil
types has been investigated [7]. The half-lives of thia-
methoxam at 1.8, 18.0, and 180.0 mg/kg silty loam soil
were 6.2, 9.5, and 76.2 days, respectively [7]. At the
recommended dosage (2 mg thiamethoxam/kg soil),
the average degradation percentages were 30.28 and
91.20% in the sterilized and nonsterilized soils for
60 days, respectively [8]. The amendment of Bacillus
aerophilus IMBL 4.1 in clay loam soil increased thia-
methoxam degradation [22]. Recently, Li et al., [35]
found that the supplementation with P. chrysosporium
improved thiamethoxam degradation in both steril-
ized and nonsterilized wetland soils.

In this study, Phanerochaete sp. Th1 and Ensifer sp.
Th2 isolated from soil utilized thiamethoxam used as a
single carbon, nitrogen, and sulfur source. The degra-
dation rates of their mixed culture were higher than
those of the individual cultures. Phanerochaete sp. Th1
also effectively degraded hemicellulose, cellulose, and
lignin in maize straw. The inoculation of the mixed
culture enhanced the degradation of not only thiame-
thoxam but also maize straw components, namely
hemicellulose, cellulose, and lignin, during the solid-
state fermentation. Moreover, the treatment with the
isolates enhanced thiamethoxam degradation in the
soil. This study showed that Phanerochaete sp. Th1
and Ensifer sp. Th2 effectively degraded the insecticide
in liquid media, maize straw, and soil.
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