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ARTICLE INFO ABSTRACT

Keywords: Persistent use of pyrethroid insecticides has resulted in heavy environmental contamination worldwide. How-

Biodegradation ever, the currently available pyrethroid degrading microbes are not optimal. In addition, the degradation

Pyrethroids mechanisms and metabolic behaviors of the pyrethroid D-cyphenothrin are poorly understood. In this study, a

D-cyphenothrin novel Actinomycete strain, Rhodococcus ruber Y14, was shown to completely degrade multiple pyrethroid in-

Carboxylesterase .. . . . . . . s .

Rhodococeus secticides including D-cyphenothrin, allethrin, fenvalerate, tetramethrin, and prallethrin within a short period.
Four metabolites, including chrysanthemic acid, 2-(3-hydroxyphenyl)acetonitrile, 3-phenoxybenzaldehyde, and
phenylmethanol from the degradation of D-cyphenothrin were identified, suggesting that carboxyl bond hy-
drolysis is the main degradation pathway involved. Toxicological assessments indicated that the hydrolysis
transformation process of D-cyphenothrin was a detoxification process. Y14 demonstrated efficient soil biore-
mediation by removing over 80 % of D-cyphenothrin (50 mg/kg) from both sterile and non-sterile soils within
25 days, with significantly reduced half-lives. High-throughput soil sequencing revealed that indigenous mi-
croorganisms, predominant Sphingomonas and Sinomonas, synergistically declined the half-life of D-cyphenothrin
in soil (<6.9 d) with Y14. Through proteomics and genome annotation, a degradation gene dcyR was identified
from Y14, which encodes a 55.92 kDa carboxylesterase that exhibits significant catalytic activity toward D-
cyphenothrin. Molecular docking and site-directed mutagenesis revealed that DcyR contains a conserved
pentapeptide motif (G-E-S-S-G), with Ser193 as the catalytic site for the catalytic triad (Asp315-Ser193-His417).
Through the nucleophilic attack of the serine hydroxyl, D-cyphenothrin was decomposed into a-hydroxy-3-
phenoxy-benzeneacetonitrile and chrysanthemic acid, which were further degraded into non-toxic small mole-
cule substances. These findings will significantly enhance our understanding of the microbial catabolism of the
widely used pyrethroid D-cyphenothrin at the molecular level and provide potential candidates for the devel-
opment of effective pyrethroid bioremediation strategies.

1. Introduction the first-generation product of which was allethrin, synthesized in 1949
[1]. Subsequently, it was found that first-generation synthetic pyre-
A pyrethroid insecticide is a synthetic analog of natural pyrethrins, throids were photolabile, easily photodegrading in the natural
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environment [2]. Therefore, in the 1970 s, a cyano group was intro-
duced into the pyrethroid structure at the a-chiral carbon site, resulting
in the second generation of pyrethroid insecticides, such as D-cyphe-
nothrin [3]. Pyrethroid insecticides have been used worldwide for half a
century; however, the World Health Organization (WHO) phased out
carbamate and organophosphorus insecticides with high toxicity and
high residue, so the global market share of pyrethroid insecticides has
reached a new high in recent years [4], accounting for about 30 % of the
global insecticide market according to 2018 statistics [5].

Pyrethroid insecticides represent a category of non-polar pesticides
[6]. After application, less than 1 % of the active ingredients in pyre-
throids reach the target organisms, with most entering the natural
environment due to various factors [7]. When pyrethroid insecticides
enter the soil surface, parts of them decompose through natural
photolysis, and most of them are adsorbed into the soil structure [8]. The
unnecessarily long-term use of pyrethroid insecticides has led to wide-
spread reports of pyrethroid residues worldwide [9]. High concentra-
tions of bifenthrin and trans-permethrin have been detected at rates of
74 and 100 %, respectively, in the surface water and sediment of mul-
tiple watersheds in southern California [10,11].

Increasing amounts of pyrethroid residues enter natural water bodies
through surface runoff and groundwater migration [11]. With the bio-
magnification of aquatic food webs, as well as measures such as agri-
cultural irrigation, pyrethroid pesticide residues will eventually
accumulate in the human body [12]. Studies by Djouaka et al. [13]
showed that cyhalothrin residue, detected in lettuce and cabbage pur-
chased from local vegetable markets, did not disappear after 14 days.
Pyrethroid pesticide residues were detected in the urine samples of
many consumers [14], as well as in agricultural producers in northern
Thailand, and 3-phenoxybenzoic acid (a representative intermediate
toxic product of pyrethroid) was also frequently detected in these sam-
ples [15].

Microbial bioremediation represents an effective strategy for the
cleanup of contaminated environments, offering advantages such as low
cost, a lack of secondary contamination, and ease of operation [16,17].
At present, several strains from different sources have been reported to
effectively remove residual pyrethroids from the environment. The
Gram-positive bacterium Staphylococcus succinus HLJ-10 can remove 90
% of D-cyphenothrin within 7 days [18]. Bhatt et al. [19] identified the
bacterial strain Sphingomonas trueperi CW3, which can degrade more
than 93 % of allethrin within 7 days. Recently, Rhodococcus pyr-
idinivorans Y6 was found to rapidly remove prallethrin from the envi-
ronment, and a prallethrin degradation enzyme, PnbA1564, was
identified [20]. However, the molecular mechanisms underlying the
microbial degradation of the widely used pyrethroid D-cyphenothrin
have remained unclear.

Rhodococcus has emerged as one of the most promising microbial
strains in biotechnology due to its super metabolic capability and
environmental versatility as well as for its ability to degrade a variety of
exogenous pollutants in soil/water environments [20-22]. However,
little is known about the molecular insight into the catabolism of D-
cyphenothrin in Rhodococcus. Therefore, the objectives of this study are:
(1) to obtain efficient Rhodococcus strains capable of degrading D-
cyphenothrin and other pyrethroid insecticides; (2) to elaborate the
corresponding metabolites and metabolic pathways of D-cyphenothrin;
(3) to identify the crucial enzymes involved in the breakdown mecha-
nism; and (4) to unlock the catalytic mechanisms of the degradation
enzymes. The discovery of an effective D-cyphenothrin degrading car-
boxylesterase fills a gap in the molecular basis of D-cyphenothrin
biodegradation and provides a potential candidate for bioremediation
applications.
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2. Materials and methods
2.1. Reagents and media Components

The D-cyphenothrin (purity 98 %) used in this study was purchased
from STORDSYNTHESIS, China. Other pyrethroid pesticides, including
fenvalerate (91 %), allethrin (98 %), bifenthrin (96 %), prallethrin (95
%), deltamethrin (99 %), tetramethrin (99 %), permethrin (97 %), and
beta-cypermethrin (95 %), were purchased from Macklin (Shanghai,
China). The chromatographic acetonitrile and methanol required for the
mobile phase of high-performance liquid chromatography were ob-
tained from Fisher Scientific, USA. Any unspecified chemical reagents
used were of ordinary analytical grade.

Appropriate amounts of technical grade pyrethroids were each
weighed to 100 mL of acetone, according to the purity of the respective
pyrethroids, resulting in a stock solution with a pesticide concentration
of 10,000 mg/L.

The Luria-Bertani (LB) medium was composed of yeast extract (5 g),
peptone (10 g), and NaCl (10 g) per liter. The constituents of the mineral
salt medium (MSM) included (NH4)2SO4 (2 g), KHoPO4 (1.5 g), NayH-
PO4-12H50 (1.5 g), MgS04-7H20 (0.2 g), CaCly-2H,0 (0.001 g), and
FeSO4-7H20 (0.0001 g) per liter of distilled water. For the preparation of
solid media, 15-20 g of agar per liter was incorporated into the
respective liquid medium. All media were sterilized through autoclaving
at 121°C for 20 min.

2.2. Isolation and Identification of pyrethroid-degrading bacteria

Activated sludge, from which to isolate pesticide degraders, was
obtained from a chemical plant wastewater treatment tank in Guang-
dong Province, China (23.37120° N, 113.19509° E). About 5 g of acti-
vated sludge was added to 50 mL of MSM containing 50 mg/L of D-
cyphenothrin using enrichment culture technology [20]. After the
enrichment culture was incubated at 30°C for 7 days in a constant-
temperature incubator, the D-cyphenothrin concentration was
doubled, to 100 mg/L, by transferring 10 % of the inoculum to fresh
MSM [20]. In a similar manner, after the D-cyphenothrin concentration
reached 800 mg/L, 20 pL of the suspension was spread evenly in solid
MSM containing 100 mg/L of D-cyphenothrin via gradient dilution and
incubated at 30°C until single colonies grew.

Individual bacterial colonies with different morphologies were
selected and sub-cultured twice on LB agar medium to purify single
bacterial strains. Individual strains were grown overnight in 1 mL of
liquid LB medium, centrifuged at 6,000 rpm for 2 min, washed twice
with sterilized saline, and resuspended in 1 mL of MSM. The prepared
bacterial broth was supplemented into an Erlenmeyer flask containing
50 mL of sterile MSM, and D-cyphenothrin stock solution was added to
result in an initial concentration of 50 mg/L. All of the flasks were
incubated, with shaking, at 30°C in a thermostatic incubator for 7 days,
after which the MSM samples were extracted using ethyl acetate. The
degradation rate of D-cyphenothrin with each individual strain was
quantitatively analyzed using HPLC (high-performance liquid chroma-
tography) [23].

The genomic DNA of each isolate was obtained using a bacterial
genomic DNA extraction kit purchased from TransGen Biotech, ampli-
fied through PCR production using a bacterial 16S rDNA universal
primer set (27F/1492R) synthesized by RuiBiotech, China [24], and
entrusted to Beijing Genomics Institution (BGI, China) for sequencing.
Meanwhile, the morphologies and cell structures of the bacteria were
further observed and described using optical microscopy (Olympus,
Japan) and a High-Resolution Field Emission Scanning Electron Micro-
scope (FESEM-FEI Verios 460L, USA).

2.3. Kinetic analysis of D-cyphenothrin degradation

Strain Y14 was isolated from the enrichment medium containing D-
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cyphenothrin and further investigated to determine its optimal utiliza-
tion for various pyrethroid substrates, including D-cyphenothrin, fen-
valerate, allethrin, bifenthrin, prallethrin, deltamethrin, tetramethrin,
permethrin, and beta-cypermethrin. The stock solutions of various
pesticides were added to each MSM, to achieve a final concentration of
50 mg/L. Pre-cultured strain Y14 reached an optical density (ODggo) of
1.0 overnight and was centrifuged and washed twice with normal saline.
The washed cells were then inoculated into flasks containing various
pesticides. Cultivation was carried out at 30°C, with shaking at 200 rpm,
for 6 days under dark conditions. The degradation rate of each pesticide
with strain Y14 was quantified using HPLC analysis.

Based on the high metabolic activity of strain Y14 toward D-cyphe-
nothrin, an in-depth study was conducted on the degradation kinetics of
D-cyphenothrin with strain Y14. Samples were extracted at regular in-
tervals of 24 h, with the final batch assayed via HPLC after 6 days.
Following the same intervals, the growth of strain Y14 in MSM supple-
mented with D-cyphenothrin was continuously monitored using a
UV-visible spectrophotometer (Shimadzu UV-2410, Japan). To estab-
lish a baseline for comparison, all experimental setups included control
cultures that without bacterial inoculation. In this process, a first-order
kinetic model (Supplementary Eq.1) was applied to calculate the kinetic
parameters for the biodegradation of D-cyphenothrin with strain Y14
[25]. In addition, the theoretical half-life (Supplementary Eq.2) is the
most intuitive parameter through which to describe D-cyphenothrin
degradation with strain Y14 [20]. The detailed equations are provided
in the Supplementary Materials.

2.4. Degradation of D-cyphenothrin at different concentrations

Different concentrations of D-cyphenothrin were found to signifi-
cantly influence the biological tolerance and metabolic activity of strain
Y14. For this study, the concentrations of D-cyphenothrin were set to 10,
25, 50, 100, 200, 300, 400, and 500 mg/L. The inoculum was prepared
by centrifuging the culture to achieve an ODgg value of 1.0, and samples
were taken every 24 h. D-cyphenothrin can be used as a carbon and
energy source for the growth of strain Y14 in MSM, but the growth rate
of strain Y14 was inhibited with increases in D-cyphenothrin concen-
tration. Therefore, the Andrews equation (Supplementary Eq.3) was
employed to fit the data and elucidate the degradation capacity of strain
Y14 under different concentration conditions [26].

2.5. Optimization of conditions for D-cyphenothrin degradation

The Response Surface Methodology (RSM) was applied to optimize
the key factors and their interactive effects on the degradation of D-
cyphenothrin by strain Y14 [27]. The Box-Behnken design for RSM was
implemented using Design Expert software. Preliminary single-factor
experiments identified temperature, pH value, and inoculum amount
as crucial factors affecting D-cyphenothrin metabolism by strain Y14.
Table S1 details the ranges and central values of the three independent
variables (temperature, pH, and inoculum amount) determined using
the Box-Behnken design. The dependent variable measured was the
degradation rate of 50 mg/L of D-cyphenothrin after a 6-day treatment
with strain Y14. The Box-Behnken design consisted of 17 experimental
runs in a randomized block design [28]. The results from these experi-
ments were modeled using a response surface program to fit a quadratic
polynomial equation (Supplementary Eq.4).

Strain Y14 was cultured in LB liquid medium for 24 h, after which the
ODgpp values were adjusted to 0.5, 1.0, and 1.5, and 1 mL of the bacterial
broth was centrifuged to pellet the cells. The collected cells were then
washed twice with normal saline and resuspended. The resuspended
broth was transferred into separate flasks of MSM, each containing 50
mg/L of D-cyphenothrin at pH levels of 5, 7 and 9, which were then
incubated at temperatures of 20°C, 30°C, and 40°C for a period of 6 days.
Following incubation, the residual concentration of D-cyphenothrin in
each flask was quantitatively measured using HPLC.
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2.6. Metabolic pathway of D-cyphenothrin by strain Y14 and product
toxicity analysis

The metabolic pathway of D-cyphenothrin was concurrently inves-
tigated in the pursuit of elucidating the degradation kinetics of strain
Y14. Samples containing 50 mg/L of D-cyphenothrin and treated with
strain Y14 were collected at various incubation periods for qualitative
analysis using Gas Chromatography-Mass Spectrometry (GC-MS, Agi-
lent 6890 N/5975, USA). The GC-MS analytical method was described
in a previous study [26]. The metabolites were identified by comparing
the results with standard compounds listed in the National Institute of
Standards and Technology (NIST) database library, taking into account
both the retention times and structural characteristics of intermediate
products.

The toxicity of D-cyphenothrin was initially evaluated using the
Ecological Structure Activity Relationships (ECOSAR) Predictive Model
to analyze both its acute and chronic toxicities. The logarithmic-
transformed toxicity (Igk) values of the parent compound D-cypheno-
thrin and its downstream metabolites were compared as a preliminary
basis for toxicity assessment. Subsequently, the model organism
Escherichia coli DH5a was serially diluted and spotted onto LB agar plates
containing 0.05 mM, 0.5 mM, and 5 mM concentrations of D-cypheno-
thrin and its downstream metabolites, respectively. The growth of bac-
terial colonies was observed as the final criterion for toxicity evaluation
[28].

2.7. Degradation potential of strain Y14 in soil and effect of microbial
community

Soil samples were collected from topsoil at a depth of 5-15 cm at
23°16'82" N, 113°37'45" E to assess pyrethroid degradation by strain
Y14. This site had not been exposed to pyrethroid pesticides for over five
years. The moisture content of the soil samples was maintained at
approximately 30-40 %, and sieved through a 2 mm mesh. Both steril-
ized and unsterilized soil samples were prepared for simulated field
remediation experiments. Sterilized soil was autoclaved at 121°C for
120 min. Then, 250 g each of sterilized and unsterilized soil were
transferred to 1000 mL flasks, each supplemented with the D-cypheno-
thrin stock solution to achieve a final concentration of 50 mg/L. The soil
samples were further subjected to two treatments, inoculation and non-
inoculation, with the inoculated samples receiving 5 mL of strain Y14
culture at an ODggo of 1.0. All experimental runs were performed in
triplicate, with the uninoculated treatment serving as a control.

Total soil DNA was extracted using the E.Z.N.A.® Soil DNA Kit from
OMEGA Bio-tek (Georgia, USA) in order to observe the community dy-
namics of candidate strain Y14 after its introduction into the soil. Soil
samples were collected from inoculated, unsterilized soil at intervals of
1,5,9,13,17, 21, and 25 days and subsequently stored at —80°C prior to
the extraction of total DNA. The PCR amplification of soil genome was
performed using primers 341F/805R [29]. The total reaction volume for
PCR was 25 pL, consisting of 12.5 uL of Phusion Hot start flex 2X Master
Mix, 2.5 uL of Forward/Reverse primers, and 50 ng of DNA template.
The PCR products were purified by AMPure XT beads and sequenced by
[llumina NovaSeq PE250. This sequencing process was facilitated by
Hangzhou LC Biotechnology Co., Ltd.

2.8. Proteomic analysis of strain Y14

For proteomic analysis, Rhodococcus ruber strain Y14 was grown to
the logarithmic phase and treated with D-cyphenothrin at a final con-
centration of 50 mg/L, while an equivalent volume of acetone was added
to the control group. After 24 h of induction, the cultures were centri-
fuged at 4°C to obtain cell pellets, which were ground in liquid nitrogen
and mixed with appropriate volumes of 8 M urea and 1 % protease in-
hibitor, and then subjected to further disruption using ultrasonication,
followed by centrifugation at 20,000 g and 4°C for 20 min. The
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proteomic sequencing and analysis were conducted with the assistance
of Hangzhou LC Biotechnology Co., Ltd.

2.9. Screening and expression of D-cyphenothrin-degrading enzyme

Sequences of potential pyrethroid-degrading enzymes were obtained
from the NCBI database and previous reports. All amino acid sequences
of strain Y14 were aligned online in FASTA format for sequence simi-
larity comparison. Several genes with high similarity based on proteo-
mic data were selected to construct protein expression vectors.
Following previous methods [20], the pET28b expression plasmid was
digested with restriction enzymes Xhol and BamH I (NEB, USA) to obtain
linearized vectors. The genes from the Y14 genome were amplified with
PCR using the high-fidelity enzyme 2 x Phanta®FlashMasterMix
(Vazyme, China). Then, gene fragments were recombined with linear-
ized vectors into circular protein expression vectors, the PCR primers for
which are listed in Table S2.

The plasmids carrying the degrading enzyme genes were transferred
into Escherichia coli DH5a competent cells (ToloBio, China) via a 70 s
heat shock at 42°C. Subsequently, the plasmids were amplified in LB
medium containing 100 mg/L of kanamycin, extracted, and similarly
transformed into E. coli ArcticExpress (DE3) RP competent cells
(Abbreviated RP) [30]. RP strains with the protein expression vector
were cultured overnight, and isopropyl f-D-1-thiogalactopyranoside
and D-cyphenothrin were added at final concentrations of 0.5 mM and
50 mg/L, respectively. Protein expression was then induced at 16°C and
120 rpm, and the degradation of D-cyphenothrin was monitored at
various time points.

2.10. Catalytic mechanism

The degrading enzyme amino acid sequence was uploaded to SWISS-
MODEL (https://swissmodel.expasy.org) for sequence analysis, and the
highest-matching protein crystal model was selected for homology
modeling [31]. The quality of the constructed three-dimensional (3D)
structure model of the degrading enzyme was assessed using the Ram-
achandran plot and the GMQE (Global Model Quality Estimate). Sub-
sequently, molecular docking of the degrading enzyme with D-
cyphenothrin was performed using AutoDockTools 1.5.7 and PyMOL
2.3.2 in a Python 2.5.4 environment [32]. Site-directed mutagenesis of
the predicted active sites was carried out based on the results of the
molecular docking using the Mut Express II Fast Mutagenesis Kit
(Vazyme, China), and the activity of the mutated degrading enzyme was
verified. The primers used for site-directed mutagenesis were listed in
Table S2.

2.11. Statistical analysis

Origin 2019, Design-Expert, and GraphPad Prism software were
utilized for the statistical analysis of the data obtained in this study. All
of the results are presented as mean + SD (standard deviation). Tukey’s
Honestly Significant Difference (HSD) test was employed, with a
threshold of p < 0.05 set for indicating statistically significant differ-
ences between experimental groups.

3. Results
3.1. Isolation and Identification of degrading strains

In this study, 16 distinct colonies exhibiting varied morphologies
were isolated from activated sludge using the enrichment culture tech-
nique. Notably, an isolate designated Y14 demonstrated a pronounced
capacity for D-cyphenothrin removal. Following incubation on LB solid
medium at 30 °C for 48 h, the colony of strain Y14 appeared pale red and
opaque, with neat edges, a round shape, and a smooth surface, spanning
approximately 1-3 mm in diameter (Fig. S1a). Gram staining confirmed
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the Gram-positive nature of strain Y14, and its cellular morphology was
further elucidated using scanning electron microscopy (SEM), revealing
cylindrical cells, approximately 1-3 um in length and 0.6 um in width,
predominantly reproducing through division (Fig. S1b/c).

Phylogenetic analysis of the 16S rDNA genetic sequence showed that
isolate Y14 belonged to genus Rhodococcus and had high similarity with
R. ruber DSM 43338 (GenBank accession No. NR026185.1) (Fig. S1d).
The 16S rDNA gene sequence of strain Y14 was uploaded to GenBank
through online submission, and its accession number is MW485814. To
further identify strain Y14 at the species level, multi-locus sequence
typing (MLST) analysis was conducted on the evolutionary relationships
of the gapdh, tpi, mdh, icl, rpoC, recA, and adk genes in the Y14 genome.
The results showed that strain Y14 has the closest evolutionary rela-
tionship with the phenol-degrading strain R. ruber SD3 isolated from
Nanchang, Jiangxi Province, China, and the weakest evolutionary
relationship with R. ruber YC-YT1 isolated from seawater (Fig. Sle).
Combining the 16S rDNA sequence analysis, MLST analysis and
morphological characteristics, strain Y14 was conclusively identified as
Rhodococcus ruber.

3.2. Kinetic analysis of D-cyphenothrin degradation

Strain Y14 was cultured in MSM supplemented with 50 mg/L of D-
cyphenothrin, fenvalerate, allethrin, permethrin, prallethrin, tetra-
methrin, beta-cypermethrin, bifenthrin, and deltamethrin at 30°C and
200 rpm for 6 days. D-cyphenothrin, allethrin, fenvalerate, prallethrin,
and tetramethrin were completely removed with strain Y14. Subse-
quently, the degradation rates were ranked for beta-cypermethrin,
bifenthrin, permethrin, and deltamethrin, corresponding to 94.13,
93.37, 83.64 and 66.07 % (Fig. 1).

The degradation process of D-cyphenothrin with strain Y14 were
further analyzed, and the results are shown in Fig. 1a. D-cyphenothrin
can be utilized by strain Y14 as a carbon source for growth. The
degradation of D-cyphenothrin was positively correlated with the
growth of strain Y14. Under the condition of using D-cyphenothrin as
the sole carbon source, the growth of strain Y14 did not undergo an
obvious lag phase, instead rapidly entering the logarithmic phase. The
most rapid degradation of D-cyphenothrin occurred within the initial 48
h, and the degradation curve plateaued between 2 and 4 days as the
strain reached a stable growth phase. After a 6-day incubation period,
the degradation rate of D-cyphenothrin with strain Y14 achieved 100 %,
significantly surpassing the mere 5.0 % for the natural degradation
observed in the control group.

Table 1 shows the kinetic parameters of degradation for various
pyrethroids with strain Y14 and demonstrates that the degradation
process follows the first-order kinetic model. As shown in Table 1, the
range of degradation constants for strain Y14 on various synthetic py-
rethroids in the treated and control groups were 0.1774-0.8549 and
0.0277-0.1243, respectively. The theoretical half-life of the treatment
group was significantly shorter than that of the control group, with
ranges of 0.81-3.91 days and 5.58-25.02 days, respectively. The
determination coefficients (R?) for both the treatment and control
groups were mostly greater than 0.8, indicating that the actual degra-
dation data fit well with the first-order degradation kinetic model. These
results further demonstrate that strain Y14 shows high potential for
efficiently degrading pyrethroids.

3.3. Degradation of D-cyphenothrin at different concentrations

The efficacy of strain Y14 to degrade various concentrations of D-
cyphenothrin is depicted in Fig. 2a. D-cyphenothrin was degraded most
rapidly at a concentration of 25 mg/L, with strain Y14 exhibiting robust
metabolic activity starting on the first day and achieving a degradation
rate exceeding 75 %. Remarkably, concentrations of 10 mg/L and 25
mg/L were completely degraded by the fourth day, with no evident lag
phase. After a 6-day cultivation period, strain Y14 was observed to
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Fig. 1. Growth and degradation curves of multiple pyrethroid insecticides. a: D-cyphenothrin; b: allethrin; c: fenvalerate; d: bifenthrin; e: permethrin; f: tetramethrin;

g: prallethrin; h: beta-cypermethrin; and i: deltamethrin.

degrade over 80 % of D-cyphenothrin, even at an elevated initial con-
centration of 500 mg/L. This finding underscores the capability of strain
Y14 to maintain effective metabolic activity in environments heavily
contaminated with D-cyphenothrin.

In this study, the Andrews equation was used to fit the metabolic
process of strain Y14 for different concentrations of D-cyphenothrin. As
shown in Fig. 2b, the Andrews model can fit both the theoretical and
actual values of D-cyphenothrin degradation with strain Y14, and the
correlation coefficient R? is 0.8303. When the concentration was 25 mg/
L, the specific degradation rate (gmax) was the highest, at 0.9 dl. The
half-rate constant (K) and inhibition coefficient (K;) of the model were
2.0 mg/L and 221.9 mg/L, respectively. Based on K; and Kj, the optimal
substrate concentration for D-cyphenothrin metabolism by strain Y14 at
the maximum specific degradation rate was 21.0 mg/L.

3.4. Optimization of conditions for D-cyphenothrin degradation

Design Expert software was used for testing according to the
Box-Behnken design principle of response surface methodology, and the
original results are shown in Table S3. The temperature (X;), pH value
(X3), and inoculum (X3) were selected as independent variables, and D-
cyphenothrin residue was designated as the response value (Y1), rep-
resenting the dependent variable, for the derivation of a quadratic
polynomial regression equation. Then, the three-dimensional response
surface of strain Y14 degrading D-cyphenothrin was obtained using the

equation. The extremum of the model was determined by calculating the
first-order partial derivative of the equation and solving it to obtain the
optimum conditions for the degradation of D-cyphenothrin with strain
Y14. The derived quadratic polynomial regression equation for the
degradation of D-cyphenothrin with strain Y14 is as follows:

Y1 = 100.00 + 7.11X; + 8.79X> + 1.68X3 + 7.42X; X — 1.50X1X3 +
0.25X>X3 — 11.96X7 — 11.91X3 — 1.09X3.

The results of the statistical analysis showed that the quadratic
polynomial regression equation could well evaluate the biodegradation
process of D-cyphenothrin with strain Y14, with P value < 0.01. The
single factors of temperature (X;) and pH value (X») have significant
effects on the degradation achieved with strain Y14 (p < 0.05), and the
square terms X and X3 also reach significance for the degradation ef-
fects achieved with strain Y14; however, the model showed that the
interaction terms of the three factors, namely X1 X5, X1X3, and X»X3, had
no significant effects on D-cyphenothrin degradation with strain Y14, as
shown in Table S4 for variance analysis. The coefficient of determination
R? of the model is 0.9005, and the low coefficient of variation (C.V. =
7.21 %) indicates that the prediction result of the model is acceptable,
meaning that the predicted value of the model is basically consistent
with the experimental value (Table S5).

The isothermal heat map presented in Fig. 3 suggests that the optimal
metabolic capacity of strain Y14 for pH and temperature falls within the
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Table 1
Kinetic parameters of degradation of various pyrethroids in mineral salt medium
with treatment of strain Y14.

Treatments  Regression kdh R? ti2
equation @

D-cyphenothrin Y14 Cy = 50.36€ 0.7550  0.9868 0.92
0.7550t

Control C, = 48.81¢ 0.0277  0.8134  25.02
0.0074t

Allethrin Y14 C; = 49.56¢ 0.8549  0.9577 0.81
0.8549t

Control C,=49.77¢ 0.0796  0.9928 8.71
0.0796t

Fenvalerate Y14 C,=48.27¢ 0.6987  0.7155 0.99
0.1164t

Control Cy = 49.03¢’ 0.0826  0.8944 8.39
0.0138t

Tetramethrin Y14 C, = 47.91¢ 0.7091 0.9805 0.98
0.7091t

Control C, = 48.59¢ 0.0752  0.9833 9.22
0.0752t

Permethrin Y14 C; = 51.50¢e 0.2326 0.8215 2.98
0.23261

Control C, = 50.74¢ 0.0511  0.7955 13.56
0.0511¢

Deltamethrin Y14 Cy = 48.30¢’ 0.1774  0.9913 3.91
0.1774t

Control C, = 48.85¢ 0.1243 0.8906 5.58
0.1243t

Prallethrin Y14 Cy = 49.33¢’ 0.7806  0.9697 0.89
0.7806t

Control C, = 47.16¢ 0.0752 0.9518 9.22
0.0752t

Bifenthrin Y14 C, = 46.67¢ 0.4243  0.8804 1.63
0.4243t

Control C; = 45.55¢" 0.1106  0.9869 6.27
0.1106t

Beta- Y14 Cy = 49.20¢’ 0.5992  0.6603 1.16
: 0.5992¢

cypermethrin
Control C, = 47.08¢’ 0.1130  0.9129 6.13

0.1130t

Note: C, refers to concentration of pyrethroids (mg/L); k refers to degradation
rate constant; t refers to degradation times; R? refers to correlation coefficient.

coded value range of 0 to 1, while that of the inoculum dose had a wider
coding value. Fig. 3b illustrates the interaction between pH and tem-
perature during the degradation of D-cyphenothrin with strain Y14,
indicating that strain Y14 exhibits maximal metabolic activity at a coded
value of zero for both pH and temperature. As can be seen from Fig. 3bc,
the contribution of inoculation amount to the degradation of D-cyphe-
nothrin with strain Y14 was limited. Fig. S2 elucidates the individual
effects of the three independent variables—temperature, pH value, and
inoculum amount—on the degradation of D-cyphenothrin with strain

&
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Y14. Contrary to the results for temperature and pH value, the degra-
dation rate did not significantly increase with higher inoculum amounts.
This implies that effective pyrethroid remediation can be achieved with
a relatively low concentration of strain Y14.

In order to obtain the optimal combination of degradation conditions
for strain Y14, the first-order partial derivative of the quadratic poly-
nomial regression equation was calculated, and the highest critical value
of the model was acquired by solving the equation. Thus, the optimal
degradation conditions for strain Y14 are as follows: a temperature of
32.77°C, a pH value of 8.09, and an inoculation amount of 1.15 x 107
CFU/mL. To verify the reliability of the analysis results, degradation
tests were conducted under conditions before and after optimization.
The results showed that after two days of incubation, the degradation
rates were 75.05 % before optimization and 88.21 % after optimization,
indicating a 13.16 % increase in degradation rate under the optimized
conditions.

3.5. Metabolic pathway of D-cyphenothrin and product toxicity analysis

The intermediates produced during the metabolism of D-cypheno-
thrin by strain Y14 were identified using GC-MS. The analysis revealed
two significant peaks at 27.97 and 28.05 min, both exhibiting identical
characteristic mass spectral fragments at m/z 375. Based on comparisons
with the National Institute of Standards and Technology database, the
compound was identified as D-cyphenothrin. Concurrently with the
degradation of D-cyphenothrin, four intermediate metabolites were
detected at different time points (Fig. S3). The chemical structures,
retention times (RTs), and molecular ion information of all metabolites
are detailed in Table S6.

The comparison with the authoritative compounds in the National
Institute of Standards and Technology (NIST) library database revealed
the sequential appearance of D-cyphenothrin metabolites as chrys-
anthemic acid, 2-(3-hydroxyphenyl)acetonitrile, 3-phenoxybenzalde-
hyde and phenylmethanol (Fig. 4). The mass spectra of these D-
cyphenothrin metabolites, which exhibited 90-100 % similarity with
entries in the NIST library database. Based on the sequential detection of
intermediate metabolites and the comparison results from the NIST li-
brary database, a biodegradation pathway for D-cyphenothrin meta-
bolism by strain Y14 was proposed (Fig. 4e). Under the action of
catabolic enzymes, D-cyphenothrin was first cleaved into chrysanthemic
acid and a-hydroxy-3-phenoxy-benzeneacetonitrile through ester bond
cleavage. a-Hydroxy-3-phenoxy-benzeneacetonitrile undergoes further
dehydroxylation and dephenylation to form 2-(3-hydroxyphenyl)
acetonitrile, which has negligible environmental toxicity. This com-
pound is generally considered to be an intermediate for the synthesis of
the heart disease drug Atenolol, which was first discovered in the bio-
logical metabolic pathway of pyrethroids. 2-(3-Hydroxyphenyl)

Specific degradation (d!)

T T T T T
0 100 200 300 400 500

D-cyphenothrin (mg/L)

Fig. 2. Degradation characteristics of strain Y14 for different concentrations of D-cyphenothrin. a: Degradation curves of different concentrations of D-cyphenothrin
metabolized by strain Y14. b: Inhibition curves of different concentrations of D-cyphenothrin degraded with strain Y14, fitted with the Andrews model.
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Fig. 3. Prediction of optimal degradation conditions based on response surface program. a: Interaction of pH and temperature on degradation capacity; b: interaction
of inoculum amount and temperature on degradation capacity; and c: interaction of inoculum amount and pH on degradation capacity.

acetonitrile is then metabolized to phenol.

Concurrently, another metabolite of a-hydroxy-3-phenoxy-benze-
neacetonitrile, 3-phenoxybenzaldehyde, is hydrolyzed into phenol and
benzyl alcohol. On the other hand, following the initial hydrolysis of D-
cyphenothrin into chrysanthemic acid and a-hydroxy-3-phenoxy-ben-
zeneacetonitrile by strain Y14, the cyclopropane structure in chrys-
anthemic acid undergoes further decomposition and cleavage. This
process results in the formation of smaller molecular compounds, which
were not detected in this study.

The ECOSAR toxicity analysis revealed that the acute and chronic
toxicity lgk values of D-cyphenothrin in fish, daphnids, and green algae
ranged from —0.987 to —2.114, indicating that D-cyphenothrin is highly
toxic to aquatic organisms (Fig. S4a). In contrast, the 1gk values of
chrysanthemic acid (M1) and a-hydroxy-3-phenoxy-benzeneacetonitrile
(M2) ranged from 0.774 to 2.196, suggesting that these metabolites
exhibit low toxicity. However, the lgk values of the metabolite 3-phe-
noxybenzaldehyde (M3), decreased to a range of 0.301 to 0.625, indi-
cating a moderate level of toxicity. Further evaluation of the toxicity
levels of the downstream metabolites of 3-phenoxybenzaldehyde (M3)
showed that benzyl alcohol (M5) and phenol (M6) have lgk values
ranging from 0.995 to 2.863, suggesting low or negligible toxicity.
Notably, the novel intermediate identified in this study, 2-(3-hydrox-
yphenyl)acetonitrile (M4), exhibited the highest lgk values, indicating
that this compound is non-toxic (Fig. S4a).

To validate the results of the ECOSAR toxicity analysis, 3-phenoxy-
benzaldehyde, which has a relatively high 1gk value, was selected as a
representative metabolite for comparison with the parent compound D-
cyphenothrin in E. coli DH5a growth assay, as illustrated in Fig. S4b. The
results demonstrated that at concentrations below 0.5 mM, E. coli DH5a
grew well on LB agar plates containing either D-cyphenothrin or 3-phe-
noxybenzaldehyde. However, at a concentration of 5 mM, D-cypheno-
thrin completely inhibited the growth of E. coli DH5a, while 3-
phenoxybenzaldehyde only slightly inhibited the growth of E. coli

DH5a. These experimental findings were consistent with the prediction
of the ECOSAR toxicity analysis, suggesting that the biodegradation of
D-cyphenothrin was a detoxification process.

3.6. Degradation potential of strain Y14 in soil and effect of microbial
community

Evaluating the biodegradation of D-cyphenothrin with strain Y14
under laboratory soil conditions is of great significance for studying the
bioremediation potential of this strain in an actual field environment.
Additionally, the interaction between strain Y14 and indigenous mi-
croorganisms played a key role in the metabolism of D-cyphenothrin.
The results of simulated field experiments on strain Y14 are shown in
Fig. 5a. A significant D-cyphenothrin elimination effect, exceeding 80 %
after 25 days, was observed among different treatments, especially in
the soil supplemented with strain Y14, including sterilized and unster-
ilized soil. Among them, the degradation rate of D-cyphenothrin in un-
sterilized soil was 92.45 %, significantly higher than the rate of 80.74 %
for the sterilized soil treatment group. Similarly, in the control group
without strain Y14, the unsterilized soil showed a higher natural
degradation effect on D-cyphenothrin than the sterilized soil, with the
highest natural degradation rate of 64.72 %.

The first-order kinetic behavior of strain Y14 in soil was further
analyzed, and the results are listed in Table 2. The degradation rate
constant of strain Y14 was higher than that of the uninoculated soil
group. The highest degradation rate constant was 0.1001 d, in un-
sterilized inoculated soil; the lowest was 0.0303 d™', in sterilized unin-
oculated soil. The theoretical half-life (t;,2) values showed the
advantage of strain Y14 more intuitively, as the t;» of the unsterilized
inoculation treatment group was only 6.9246 d, three times shorter than
that of the sterilized control group, at 22.8761 d. The coefficients of
determination (R?) for the degradation kinetic models of all treatments
were higher than 0.9, indicating that the first-order kinetic models were
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Fig. 4. Intermediate metabolites of D-cyphenothrin degraded with strain Y14 and possible metabolic pathways. a: Mass spectrum of chrysanthemic acid; b: mass
spectrum of 2-(3-hydroxyphenyl)acetonitrile; c: mass spectrum of 3-phenoxybenzaldehyde; d: mass spectrum of phenylmethanol; and e: proposed degradation
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well fitted to the process of D-cyphenothrin degradation with strain Y14.
This demonstrates that the presence of indigenous microorganisms in
unsterilized soil samples is beneficial for promoting the natural meta-
bolism of D-cyphenothrin. Furthermore, it suggested that strain Y14
could not only degrade D-cyphenothrin rapidly in MSM, but also
maintain efficient D-cyphenothrin metabolism in a complex soil
environment.

In order to investigate the impact of strain Y14 on native soil ecology
upon its introduction to the soil environment, high-throughput
sequencing was employed to analyze shifts in bacterial community
composition at different incubation stages, the results of which were
used for bacterial diversity research after validity analysis. Table S7 il-
lustrates the validity of samples at different culture periods. In alpha
diversity analysis, the Chaol, Shannon, and Simpson indices are the

most commonly used features for indicating species diversity and
evenness. The results indicated a noticeable downward trend in both the
Chaol and Shannon indices within the first 9 days following the addition
of strain Y14 (Fig. S5); however, these indices returned to their initial
levels by the 25th day. Throughout the observation period, the Simpson
index maintained its highest level, suggesting that the sudden intro-
duction of strain Y14 did not adversely impact the community evenness
of indigenous microorganisms.

The p-diversity analysis results highlighted significant shifts in the
soil microbial community during the early stages of soil remediation
with strain Y14. Proteobacteria and Actinobacteria emerged as the most
dominant phyla, collectively comprising 63 % of the total identified
species. They were followed by Acidobacteria and Chloroflexi, which
accounted for 19 % of the total species. The relative abundance of
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Fig. 5. Performance of strain Y14 in environmental applications. a: Degradation of D-cyphenothrin under different soil conditions; b: multiple sequence alignment of
phylogenetic branches of soil samples; c: principal coordinates analysis (PCoA) of community composition of strain Y14 during soil remediation; d: stacked graph of
microorganism abundance at different culture stages; e: cluster heatmap of changes in the abundance levels of microorganisms at different culture stages; and f: the
correlation network heatmap between Rhodococcus and the dominant species among the indigenous microorganisms.

Table 2
Kinetic parameters of degradation of D-cyphenothrin in different soils by strain
Y14.

Treatments Regression equation k@hH R? t12 (d)

SS C, = 50.4241¢%-030%¢ 0.0303 0.9617 22.8761
Us C; = 51.0620¢%-0416¢ 0.0416 0.9919 16.6622
SS + Y14 C, = 51.7432¢0:0661 0.0661 0.9641 10.4863
US + Y14 C, = 48.9707¢0-1001¢ 0.1001 0.9768 6.9246

Note: SS stands for sterilized soil; US stands for unsterilized soil.

Proteobacteria initially increased and subsequently decreased, while
that of Actinobacteria exhibited a consistent downward trend, from
23.22 % to 13.02 %. In contrast, Acidobacteria and Chloroflexi both
displayed increasing trends throughout the observation period. At the
genus level, Sphingomonas, Burkholderia—Caballeronia—Paraburkholderia,
Sinomonas, and Escherichia—Shigella were identified as the predominant
genera in the early stages of the intervention (Table S8). Further analysis
involved the multiple sequence alignment of the soil sequencing results,
which revealed that Rhodococcus, within the Actinobacteria phylum,
was evolutionarily closely related to Mycobacterium, Gordonia, Nocardia,
and Smaragdicoccus, as shown in Fig. 5b.

The composition of the bacterial community changed significantly
with the extension of incubation time. Principal coordinates analysis
(PCoA) illustrated the extent of the differences in community composi-
tion between samples at different culture stages. As shown in Fig. 5c,
there were significant differences in bacterial community structure be-
tween the two subgroups (p = 0.001). Anosim similarity analysis showed
that there were differences among the seven groups of samples at

different culture stages (1d,5d,9d,13d,17d, 21 d, and 25 d; R?=
0.7810; p = 0.001). Similarly, NMDS (Nonmetric Multidimensional
Scaling) also reflected the degree of difference between samples. As
shown in Fig. S6, the stress value between samples is 0.07, indicating
that it has excellent analytical significance. A cluster analysis based on
Bray—Curtis distance demonstrated that the relative abundance levels of
Burkholderia—Caballeronia—Paraburkholderia and Cupriavidus increased
rapidly and then returned to their initial levels. Those of Gemmatimonas
and Haliangium increased slowly, while those of most of the other genera
showed significant downward trends (Fig. 5d).

The highest relative abundance of strain Y14 was observed on the
first day after entering the soil, and it was maintained at a normal level
for the following 9 days (Fig. S7). However, the abundance of Rhodo-
coccus was observed to decline rapidly after 13 days of incubation, and it
was eventually maintained at a low level. Cluster heatmaps were used to
visualize changes in bacterial communities at different culture stages
(Fig. 5e). During D-cyphenothrin degradation in soil, bacterial com-
munities mainly clustered in two subgroups, with day 13 as the
boundary. Notably, the genus Rhodococcus maintained high abundance
levels within 9 days after incubation, suggesting that strain Y14 did not
undergo a rapid or drastic adaptive process upon entry into the soil. The
analysis results of the correlation network heatmap, illustrated in in
Fig. 5f, demonstrate that the correlation coefficients (rho values) be-
tween Rhodococcus and other indigenous microorganisms range from
0.22 to —0.18, indicating that there is no correlation between the
degradation behavior of strain Y14 and the dominant species among the
indigenous microorganisms.
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3.7. Proteomic analysis of strain Y14

The principal component analysis (PCA) plot for the protein samples
in both the treatment and control groups is shown in Fig. 6a, and it in-
dicates a high degree of aggregation among replicates, meeting the re-
quirements for proteomic analysis. The standard deviation analysis
between the treatment and control groups is presented in Fig. S8. In
total, 3501 proteins were identified through comparison with the pro-
tein database, of which 3367 proteins were amenable to further quan-
titative analysis. Based on the ratio of protein relative expression in the

a b
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experimental group compared to that in the control group, a quantita-
tive value greater than 1.2 was considered upregulated, while a value
less than 1/1.2 was considered downregulated. Among the 3367 quan-
tified proteins, 506 were identified as upregulated, while 946 were
downregulated. Specifically, there were 136 significantly upregulated
and 452 significantly downregulated proteins (fold change, FC > 1.5)
(Fig. 6b).

The most abundant among the 506 upregulated proteins were
Uncharacterized Conserved Proteins (24), followed by Transcriptional
Regulators (10) and Acetyltransferases (5). Of the 946 downregulated
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proteins, Uncharacterized Conserved Proteins were again the most
common (41), followed by Acyl-CoA Dehydrogenases (27) and De-
hydrogenases (25), suggesting a downregulation of proteins involved in
the initial steps of fatty acid p-oxidation. Subcellular localization
showed that 43.68 % and 15.22 % of upregulated proteins were located
in the cytoplasm and cytoplasmic membrane, respectively (Fig. S9).
Further analysis of the 48 most significantly upregulated proteins (FC >
2.0) revealed no upregulated gene clusters or esterase family proteins;
however, the upregulation of ABC transporters was significant, with a
fold increase of up to 4.493, and 5 ABC transporter-related proteins were
among the 48 proteins. This suggests that, under the stress of D-cyphe-
nothrin, strain Y14 may upregulate membrane transport proteins to
facilitate the transport of D-cyphenothrin and its metabolites, thereby
tolerating and resisting adverse environmental conditions.

Analysis using the COG (Clusters of Orthologous Groups of proteins)
database revealed that proteins involved in ’Amino acid transport and
metabolism’ and Energy production and conversion’ were the most
upregulated, accounting for 51 and 48 proteins, respectively. The GO
(Gene Ontology) database is primarily divided into three major cate-
gories: Biological Process (BP), Cellular Component (CC), and Molecular
Function (MF). Upregulation was observed for 386, 270, and 191 pro-
teins in these respective categories. Among these, the most significantly
upregulated subsets were ’Thiamine-containing compound metabolic
process’ and 'Thiamine metabolic process’ in the BP category; 'Oxido-
reductase complex’ in the CC category; and *Oxidoreductase activity’ in
the MF category (Fig. S10). This indicates that proteins related to
metabolic and redox processes are generally upregulated following in-
duction from D-cyphenothrin, thus providing strong evidence that strain
Y14 is capable of efficiently metabolizing a variety of synthetic
pyrethroids.

Subsequently, the amino acid sequence of strain Y14 was compared
with the amino acid sequences of other reported pyrethroid-degrading
enzymes (Table S9). The results showed that the Y14 genome contains
21 proteins with similarities to those of reported pyrethroid-degrading
enzymes, with the highest similarity being 41.82 %, and the lowest
being 22.73 %. Among these 21 proteins, ORF796 (FC 1.229), ORF896
(FC 1.200), and ORF2496 (FC 1.343) were upregulated in the prote-
omics. Based on proteomic data, 35 genes were selected for constructing
protein expression vectors, and 28 were successfully constructed. RP
strains carrying different exogenous genes were divided into three
batches for degradation testing, and ORF896 exhibited the highest
degradation rate, achieving 92.73 % degradation after 60 h of induced
expression. This was followed by ORF1131, with a degradation rate of
73.34 %. However, the control RP strain without exogenous genes also
demonstrated a removal rate of approximately 38 % for D-cyphenothrin.
Using the RP control as a benchmark, the degradation rates of proteins
encoded by other genes ranged from —9.59 % to 14.13 %, and they did
not show significant D-cyphenothrin removal rates at the p < 0.05 level
(Fig. 6¢). Therefore, ORF896 was further analyzed to determine its
metabolic mechanism.

3.8. Degradation enzyme and its catalytic mechanism

Further research through the protein database revealed that ORF896
encodes a carboxylesterase family hydrolase composed of 513 amino
acids, with a molecular weight of 55.92 kDa (Fig. S11a). The instability
index of ORF896 is 33.71, indicating that the protein is stable. The
isoelectric point of ORF896 is 5.46, the average hydropathicity value of
its amino acids is —0.138, its aliphatic index is 84.09, and its molar
extinction coefficient is 88,350 M~ 'ecm ™. The 3D structural model of
ORF896 was constructed using the SWISS-MODEL website, as depicted
in Fig. S11b; the model’s Ramachandran favored value reached 91.22 %,
with a mere 0.19 % of amino acid residues falling in disallowed regions,
significantly below the 10 % safety threshold. Additionally, the Global
Model Quality Estimation (GMQE) value for this model was 0.70, sur-
passing the critical threshold of 0.5 and suggesting its suitability for
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advanced molecular docking analyses (Fig. S11c). Subsequently, mul-
tiple sequence conservation site analysis with carboxylesterases from
various sources suggested that ORF896 possesses the classic pentapep-
tide motif (Gly-x-Ser-x-Gly) that is characteristic of carboxylesterases
(Fig. S11d). Further examination of the enzyme’s structure identified the
presence of a typical catalytic triad (Asp315-Ser193-His417), a common
feature in esterase enzymes (Fig. 6d).

The file of the D-cyphenothrin 3D model was obtained from the
compound ligand website (https://zinc.docking.org). Subsequently,
molecular docking was performed using the AutoDock software. The
docking results are shown in Fig. 6e and indicate that Ser193 in ORF896
forms a hydrogen bond with the oxygen atom on the ester bond of D-
cyphenothrin, with a bond length of 2.2 A and a binding energy of
—4.58 kcal/mol. To verify the reliability of the molecular docking re-
sults, Ser193 was site-specifically mutated to glycine. After validation
with protein gel electrophoresis and sequencing, using the same induced
expression and culturing for 60 h, it was observed that, compared to the
control RP strain, ORF896-S193G lost its degradative activity for D-
cyphenothrin (Fig. 6f). The peak area of D-cyphenothrin, when treated
with the wild-type ORF896, was markedly lower than with the other
three treatments, indicating higher degradation efficiency (Fig. 6g). In
contrast, the natural degradation rate observed in the uninoculated
control group was only 12.2 %. It can be seen from Fig. 6h that the
spatial distance between Gly193 residue and D-cyphenothrin is too far
(3.8 A) to be conducive to the formation of hydrogen bonds. Therefore,
the site-directed mutagenesis results strongly indicate that Ser193 is the
key catalytic site in the carboxylesterase encoded by ORF896. Ulti-
mately, the carboxylesterase encoded by ORF896 was named DcyR.

Fig. 7 illustrates that the DcyR hydrolysis mechanism of D-cyphe-
nothrin is mediated through a catalytic triad, in which Ser193 serves as
the nucleophile. Initially, D-cyphenothrin binds to DcyR, enabling the
serine residue in the active site to conduct a nucleophilic attack on D-
cyphenothrin’s carbonyl group through its hydroxyl (OH) group, thus
resulting in the formation of a tetrahedral intermediate I. The process
then progresses to the second step, wherein the histidine residue from
the catalytic triad dissociates from this intermediate, leading to the
release of chrysanthemic acid and the formation of an acylated covalent
intermediate. This is followed by the third step, in which the aspartic
acid and histidine obtain protons from the hydroxyl group of the
nucleophile, forcing the ester oxygen to accept electrons and forming
another tetrahedral intermediate II.

Finally, the reduction of the carbonyl group in the intermediate II
causes a proton transfer from histidine to serine, thus decomposing D-
cyphenothrin into chrysanthemic acid and a-hydroxy-3-phenoxy-ben-
zeneacetonitrile. During this catalytic process, the serine residue in the
Asp-Ser-His catalytic triad acts as the nucleophile, the histidine residue
acts as the proton donor, and the aspartic acid residue plays an assisting
role. The dynamic schematic diagram of D-cyphenothrin within the
strain Y14 cells is depicted in Fig. 8. Upon entry into strain Y14 cells, D-
cyphenothrin induces cellular physiological stress responses, leading to
elevated levels of superoxide dismutase (SOD), peroxidase (POD) and
catalase (CAT) activities. Simultaneously, D-cyphenothrin is degraded
by DcyR, forming catechol under the action of multiple oxidoreductases.
Catechol then enters the pyruvate metabolism pathway under the help
of catechol 1,2-dioxygenase and is ultimately degraded into pyruvate,
which is integrated into the TCA cycle.

4. Discussion

Rhodococcus is an obligate aerobic, Gram-positive bacterium with
high GC content and low motility, commonly found in soil and marine
environments. Strains of the genus Rhodococcus have been reported to
exhibit broad metabolic capabilities, capable of degrading a variety of
compounds, including aliphatic and aromatic hydrocarbons, haloge-
nated compounds, nitroaromatic hydrocarbons, and nitriles [33-36].
These versatile characteristicc make them highly wuseful in
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environmental management, bioremediation, biosynthesis, and other
industrial applications. It has been reported that R. erythropolis M—25
can effectively degrade crude oils, including an ability to synthesize
biosurfactants that promote this degradation, achieving a degradation
rate of 70.7 % after 30 days of treatment [37]. Furthermore, R. ruber DP-
2 was capable of degrading di-n-butyl phthalate (DBP) and phenol
efficiently. With an initial concentration range of 600-1,200 mg/L, the
observed half-life of DBP was 15.81-27.75 h, and that of phenol was
14.52-45.52 h [38]. Additionally, polycyclic aromatic compounds,
sulfonyl herbicides, anthraquinone compounds, and polychlorinated
biphenyls have all been revealed to be eliminated by Rhodococcus from
contaminated environments [36,39]. However, the molecular insights
into the catabolism of D-cyphenothrin in Rhodococcus are largely
unknown.

In this study, R. ruber Y14 was found highly effectively in degrading
D-cyphenothrin and other widely used pyrethroids. The field of pyre-
throid biodegradation has seen a plethora of advancements, with vary-
ing potentials exhibited by different microbial degraders [40-44].
Previous research has revealed that Gram-positive bacterium Staphylo-
coccus succinus HLJ-10 can remove 90 % of D-cyphenothrin in 7 days;
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however, this strain demonstrates limited efficacy in degrading other
types of pyrethroids [18]. S. trueperi CW3 can degrade over 93 % of
allethrin within 7 days, while its degradation rate for D-cyphenothrin
was 84 %, with a degradation rate constant (k) of 0.240 and a theoretical
half-life of 2.88 days [19]. The half-life values are significantly higher
than those observed with strain Y14, which has a theoretical half-life of
0.92 days for D-cyphenothrin degradation. In most cases reported to
date, pure cultures isolated failed to remove synthetic pesticides from
the natural environment [45-47]. It is noteworthy that bioaugmentation
of D-cyphenothrin polluted soils with strain Y14 remarkably enhanced
the disappearance rate of D-cyphenothrin. The proficiency of strain Y14
in degrading D-cyphenothrin and other pyrethroids in various envi-
ronments is largely attributed to its super metabolic capability and
environmental versatility.

Moreover, strain Y14 demonstrated efficient utilization of D-cyphe-
nothrin as a nutrient substrate in MSM devoid of additional carbon
sources, indicating its capacity to use D-cyphenothrin as the sole energy
source for growth. While numerous bacteria capable of utilizing pyre-
throid insecticides as their primary energy source exist, only a limited
number of them achieve complete removal [20,44,48]. Prior studies
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have shown that co-metabolism can significantly enhance the
xenobiotic-degrading potential of microbes [49-51]. For instance,
Fusarium oxysporum 2S3 and Fusarium sp. 454, isolated from agricultural
soil, exhibited bioremediation rates of only 66 % and 70 %, respectively,
for 100 mg/L of cypermethrin after 5 days in the absence of other nu-
trients. However, both of these rates increased to over 80 % with the
addition of external carbon sources [52]. Chen et al. [53] identified a
new pyrethroid-degrading bacterium, Bacillus thuringiensis ZS-19, which
removed 100 % of cyhalothrin within 72 h, in minimal medium (MM)
supplemented with glycerol and mannitol, additional carbon sources
that are not present in MSM. Furthermore, Zhao et al. [49] demonstrated
that substrates like glycerol, urea, and peptone could enhance the
metabolism of beta-cypermethrin by B. licheniformis B-1. Recently, Khan
et al. [50] found that the co-metabolism of Fusarium equiseti K3 and
Sphingobium sp. S8 can effectively improve the removal of organochlo-
rine pesticides in nutritionally deficient environments. These findings
corroborate that strain Y14 can continue to effectively metabolize
various pyrethroids in an auxotrophic environment.

The initial step in the degradation of pyrethroids usually involves the
hydrolysis of the ester bond [54-59]. In this study, the reaction was
catalyzed by carboxylesterase DcyR, which was capable of breaking
down ester bonds to produce alcohol and acid derivatives. Although
a-hydroxy-3-phenoxy-benzeneacetonitrile and phenol were not detected
in this study, they have been documented in the literature as typical
intermediates of type II pyrethroids [55]. Furthermore, a-hydroxy-3-
phenoxy-benzeneacetonitrile was further transformed into 3-phenoxy-
benzaldehyde and 2-(3-hydroxyphenyl)acetonitrile. Chrysanthemic
acid is a common intermediate that represents the acid moiety in most
pyrethroids. It has been reported that chrysanthemic acid, similar to
a-hydroxy-3-phenoxy-benzeneacetonitrile, is an unstable intermediate
[56]. The toxicological assessments indicated that the downstream
metabolites of D-cyphenothrin exhibited significantly lower toxicity
than the parent compound. These results revealed that the hydrolysis
transformation process mitigated the toxic stress posed by D-cypheno-
thrin on both organisms and the environment.

The metabolic mechanism of strain Y14 toward pyrethroids is
characterized by the enzyme-catalyzed cleavage of chemical bonds,
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followed by the systematic breakdown of the compound through various
enzymatic reactions. The presence of synthetic pyrethroids can induce
the expression of specific enzymes involved in their degradation
[46,60-62]. In this study, proteomic results verified that strain Y14 has
the ability to upregulate the genes encoding these enzymes in response
to environmental pollutants, thus enhancing its capacity to metabolize a
wide range of pyrethroid compounds. Specifically, the DcyR carbox-
ylesterase identified from strain Y14, which contains a catalytic triad
(D315-S193-H417), plays a crucial role in this process. These results
aligned with the outcomes of prior studies that have characterized car-
boxylesterase enzymes in other microbial strains [60-63]. For instance,
Zhai et al. [60] cloned and expressed a 25 kDa carboxylesterase PytZ
with a typical catalytic triad (Ser105-Asp154-His185) from Ochrobac-
trum anthropi YZ-1, which can effectively remove pyrethroids at an
optimal temperature and pH value of 35°C and 7.5, respectively. Addi-
tionally, a 633 bp ORF carboxylesterase gene, msel, was isolated from
Methylobacterium sp. A-1 and has been shown to efficiently degrade
cypermethrin [61]. This 22 kDa carboxylesterase possesses a catalytic
triad (Ser106, Asp156, and His187) wherein the nucleophilic serine
residue is located in the pentapeptide motif Gly-X-Ser-X-Gly. In our
studies, molecular docking and site-directed mutagenesis further
confirmed that the conserved Asp315, Ser193, and His47 residues are
essential for protein function of DcyR. These findings unravel the
degradation mechanism of D-cyphenothrin by R. ruber Y14 and lay a
theoretical foundation for the better use of Rhodococcus species and their
enzymes to remediate pyrethroid contamination.

Genome analysis further reveals that R. ruber strain Y14 contains
numerous genes related to metabolism and degradation, including car-
boxylesterase genes, monooxygenase genes, dioxygenase genes, and
cytochrome P450. The metabolic pathways most involved are benzoate
metabolism and alkane metabolism. These findings suggest that the
Rhodococcus species have evolved genetic adaptability, which endows
them with the capability to degrade synthetic pyrethroids. These ad-
aptations include the presence of genes encoding for esterases, hydro-
lases, and other enzymes involved in degradation pathways, as well as
regulatory elements that control the expression of these genes in
response to environmental stimuli. The degradation of pyrethroids with
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R. ruber Y14 not only highlights the bacterium’s role in bioremediation,
but also provides insight into the metabolic versatility and adaptability
of microbial life to organic contaminants. Understanding the specific
enzymes and pathways involved can aid researchers in the development
of biotechnological approaches to the detoxify and remove synthetic
pyrethroids from the environment.

5. Conclusions

In summary, a novel Actinomycete strain, R. ruber Y14 can rapidly
and efficiently remove D-cyphenothrin under extreme culture condi-
tions and simulated field environments, and it exhibits broad-spectrum
pyrethroid-metabolizing capability. Remarkably, this strain maintains
over 80 % degradation efficiency for D-cyphenothrin concentrations as
high as 500 mg/L. Soil remediation experiments indicate that the nat-
ural attenuation of D-cyphenothrin in unsterilized soil is significantly
higher than that in sterilized soil. Further high-throughput soil
sequencing reveals that strain Y14 can quickly adapt to soil conditions
upon introduction, and indigenous microorganisms can accelerate the
half-life of D-cyphenothrin in the soil environment. These findings
suggest that strain Y14 is an ideal microbial degrader, suitable for the
bioremediation of environments contaminated with D-cyphenothrin.
Moreover, an analysis of its metabolic pathways and detoxification
mechanisms shows that carboxylesterase DcyR decomposes D-cyphe-
nothrin into non-toxic or low-toxicity chrysanthemic acid and a-hy-
droxy-3-phenoxy-benzeneacetonitrile through a nucleophilic attack on
its carbonyl group. However, further in depth studies based on genetics
and molecular biology are required to validate DcyR’s role in the evo-
lution of novel catabolic pathways and the degradation mechanisms of
pyrethroid insecticides.
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