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• Penicillium oxalicum MetF1 dominated 
metolachlor degradation.

• Metolachlor exposure altered surface 
functional groups on MetF1.

• Key pathways involved oxidative phos
phorylation and phenylacetic acid 
degradation.

• Metolachlor degradation reduced car
bon metabolism, increasing benzene 
derivatives.

• ABC transporter helped MetF1 in over
coming metolachlor toxicity.

A R T I C L E  I N F O

Keywords:
Metolachlor-degrading fungus
Biodegradation mechanism
Physicochemical analysis
Multi-omics analyses

A B S T R A C T

Environmental risk posed by metolachlor to farmland has garnered significant concern. Although Penicillium 
oxalicum MetF1 exhibits metolachlor degradation potential, underlying biochemical mechanisms remain unclear. 
To address this, a comprehensive investigation integrating physicochemical properties, phenotypic character
ization, transcriptomic profiling, and metabolomic analysis was conducted. Results demonstrate that MetF1 
significantly accelerated metolachlor degradation during the logarithmic growth phase, with only trace me
tabolites detected. Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) 
revealed enhanced phosphorus/sulfur assimilation and metolachlor tolerance, promoting robust microbial 
growth. Fourier transform infrared spectroscopy (FTIR) further indicated modifications to cellular surface 
functional groups. Aerobic degradation process involved critical pathways including oxidative phosphorylation, 
pentose phosphate metabolism, and phenylacetic acid catabolism, mediated by peroxidase, oxygenase, cyto
chrome P450s, and hydroxylase enzymes. Notably, metolachlor suppressed carbon metabolism while elevating 
benzene derivatives, suggesting fungal utilization of this herbicide as a growth substrate. This study elucidates 
the metabolic basis for MetF1-mediated bioremediation of organic pollutants.
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1. Introduction

Pesticides play a crucial role in modern agriculture by enhancing 
crop yields and ensuring food security. However, their widespread use 
often leads to significant environmental contamination due to their 
persistence and toxicity. Among herbicides, metolachlor—a broad- 
spectrum chloroacetamide herbicide (CAAH)—is particularly note
worthy due to its residual concentration in water, which ranges from 5 
to 80 µg/L (Bamal et al., 2024). In some streams, concentrations can 
reach as high as 464 µg/L, attributed to its long half-life, high water 
solubility, and low soil adsorption (Marie et al., 2017; Sun et al., 2019). 
The metabolites of metolachlor, such as metolachlor ethane-sulfonic 
acid (MESA) and metolachlor oxanilic acid (MOXA), exhibit higher 
water solubility and greater persistence compared to the parent com
pound itself (Rose et al., 2018), which contributes to their prolonged 
environmental presence. These metabolites have been found to disrupt 
cell cycle regulation and thyroid-related signaling in zebrafish larvae 
more significantly than metolachlor itself (Rozmánková et al., 2020). 
With growing environmental concerns, there is a heightened focus on 
developing eco-friendly strategies to mitigate the degradation of these 
persistent pollutants.

The biodegradation of metolachlor has been studied for over four 
decades. Most microorganisms or microbial consortia identified for 
metolachlor degradation have been fungi, including species such as 
Chaetomium (McGahen and Tiedje, 1978), Aspergillus (Sanyal and Kul
shrestha, 2002), Candida (Munoz et al., 2011), Penicillium (Chang et al., 
2020), and Trichoderma (Nykiel-Szymanska et al., 2020). However, in
formation on the specific degradation mechanisms employed by these 
organisms remains scarce. Penicillium, in particular, is known for its 
ability to break down organic materials, including pesticides (Gul and 
Ahmad, 2018; Kaufman and Blake, 1970), polycyclic aromatic hydro
carbons (Zang et al., 2007), antibiotics (Zhang et al., 2012), and bio
logical debris (Visagie et al., 2014). Among potential bioremediation 
agents, the Penicillium oxalicum strain MetF1 has shown significant 
promise in degrading metolachlor. Despite its clear degradation capa
bilities, the biochemical pathways and molecular mechanisms remain 
largely unexplored (He et al., 2018). Elucidating these mechanisms is 
critical for enhancing MetF1′s bioremediation efficacy in herbicide- 
polluted environments.

The CAAHs are prone to biodegradation through various physio
logical and biochemical processes, such as dechlorination, hydroxyl
ation, N-dealkylation, and C-dealkylation. These processes are catalyzed 
by a range of microbial enzymes (Gao et al., 2015; Zhang et al., 2011). 
Both bacterial and fungal metabolic pathways have been reported to 
degrade these herbicides. Among these, bacterial metabolism involves 
two main pathways: anaerobic glutathione-conjugated dechlorination 
and aerobic dealkylation coupled with benzene ring cleavage. Fungi 
have been shown to degrade chloroacetamide herbicides more effi
ciently than bacteria. However, they typically produce complex primary 
and secondary metabolites, leading to more intricate metabolic path
ways in fungi compared to bacteria (Chen et al., 2023). Pure cultures of 
Aspergillus flavus and A. terricola have been found to possess the ability to 
degrade metolachlor, facilitating N-dealkylation, hydrolytic dechlori
nation, and amide bond cleavage (Sanyal and Kulshrestha, 2002). Under 
the influence of Fusarium solani, butachlor undergoes enzymatic trans
formations, producing 15 intermediate metabolites, including dechlo
rination, hydroxylation, dealkylation, and cyclization, eventually 
resulting in the formation of 2-methyl-6-ethylaniline (Chakraborty and 
Bhattacharyya, 1991). To date, research on the microbial degradation of 
CAAHs has primarily focused on alachlor, acetochlor, and butachlor, 
with limited studies on the degradation pathways and molecular 
mechanisms of metolachlor and propisochlor (Chen et al., 2023; Munoz 
et al., 2011). Future research should prioritize exploring the microbial 
degradation of these two herbicides.

This study employed a multidisciplinary approach integrating 
physiological observations, phenotypic characterization, transcriptomic 

analysis, and metabolomic profiling to elucidate the key metabolic 
pathways and stress adaptation strategies utilized by P. oxalicum MetF1 
during metolachlor degradation. The investigation delved into the 
complexities of metolachlor metabolism by the fungus, the roles of 
crucial enzymes and transport systems, and the mechanisms by which 
MetF1 countered the toxic effects of metolachlor. Additionally, alter
ations in carbon, phosphorus, and sulfur metabolism were explored, 
alongside the synthesis of stress-related compounds that facilitated 
MetF1′s resilience in challenging environmental conditions. By unrav
eling these processes, a foundation is laid for the potential application of 
P. oxalicum MetF1 in the bioremediation of metolachlor-contaminated 
environments. Furthermore, the findings hold broader implications for 
the management of other persistent organic pollutants in surface water.

2. Materials and methods

2.1. Chemicals, strain and culture media

Analytical-grade metolachlor and its metabolite standards, including 
metolachlor oxanilic acid, metolachlor ethane sulfonic acid, 
metolachlor-2-ethoxy (M2E), metolachlor deschloro (MDES), 
metolachlor-2-hydroxy (M2H), and metolachlor mercapturate (MMER), 
were procured from Dr. Ehrenstorfer GmbH (Augsburg, Germany). The 
structural formulas of these compounds are provided in one of our 
studies (Sun et al., 2019). Chromatographic-grade acetonitrile was 
purchased from Fisher Scientific Company (Louisiana, USA), while 
analytical- grade acetonitrile was sourced from Concord Science and 
Technology Co., Ltd. (Tianjin, China). Cleaning agents, including N- 
propyl ethylenediamine (PSA), Graphitized carbon black (GCB), and 
anhydrous magnesium sulfate, were obtained from Bonna-Agela Tech
nologies Inc. (Tianjin, China). ELISA kits for cytochrome P450, catalase, 
and laccase (Jiangsu Enzyme Exemption Industry Co., Ltd., China) were 
used for enzyme assay.

Strain MetF1 (CGMCC No. 15861) was isolated from activated sludge 
in the sewage treatment tank of a pesticide factory and subsequently 
preserved in the China General Microbiological Culture Collection 
Center. The strain was inoculated onto potato dextrose agar (PDA) 
medium, cultured at 30 ◦C for 5 days, and then stored in a refrigerator at 
4 ◦C. Fungal spores were aseptically collected from PDA medium sur
faces using sterile inoculation loops. The harvested spores were then 
suspended and homogenized in Czapek-Dox liquid medium (CDM) 
containing (in g L− 1): NaNO3 (3.0), K2HPO4 (1.0), MgSO4 (0.5), KCl 
(0.5), FeSO4 (0.01), and sucrose (30.0). The spore suspension was 
adjusted to a final concentration of 2 × 106 spores mL− 1 by dilution with 
fresh CDM medium. Spore concentration was determined using a 
turbidimeter (WGZ-200, Shanghai Xinrui Instrument Co., Ltd., China).

2.2. Experimental design and sample collection

Four treatments were established as follows: CK, which contained 
only 100 mg L-1 metolachlor, was used to evaluate the natural degra
dation of the herbicide in CDM during the cultivation period. CK-F, 
which contained 2 × 106 spores of MetF1 mL− 1, was used to assess 
the status of the mycelium in pure culture. MT, which consisted of CDM 
fortified with 100 mg L-1 metolachlor and 2 × 106 spores of MetF1 mL− 1, 
was used to evaluate the degradation of metolachlor by the mycelium. 
MTI, which contained CDM fortified with 100 mg L-1 metolachlor and 2 
× 106 spores of inactive MetF1 mL− 1, was used to assess the effect of 
inactive mycelium on the degradation of metolachlor. Three biological 
replicates were set up for each treatment.

During the 288-hour culture period, mycelia in the treatments of CK- 
F and MT were collected at regular intervals to monitor changes in 
mycelial growth. Meanwhile, culture solutions in all treatments except 
CK-F were collected periodically within the first 168 h to track the 
changes in metolachlor and its intermediates. Additionally, medium 
samples were taken at the 60th and 72nd hours for transcriptome and 
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metabolome analyses. Transcriptome sampling was conducted during 
the peak period of microbial metabolism. As indicated by the growth 
curve, the logarithmic growth phase of this fungus occurs between 48 
and 72 h, making the 60th hour ideal for transcriptome analysis. How
ever, microbial metabolic activity lags behind transcription, and the 
rapid degradation of metolachlor occurs between 24 and 96 h. There
fore, samples from the 72nd hour were selected for metabolome anal
ysis. Similarly, samples incubated for 72 h were used for enzyme assays 
and morphological assessment of strain MetF1.

2.3. Determination of metolachlor and intermediates in biodegradation 
process

A method optimized from a previous study (Sun et al., 2019) was 
used to detect metolachlor and its metabolites in liquid culture media. 
Briefly, a 1 mL aliquot of the culture medium was extracted from the 
culture system and filtered through a 0.22 μm membrane (Millipore, 
Merck, America). Next, 0.5 mL of the filtered sample was transferred 
into an injection vial containing 0.5 mL of methanol, and the mixture 
was thoroughly homogenized. Detection of metolachlor and six of its 
metabolites was performed using a LC-MS/MS (ExionLC™ + QTRAP 
4500, AB SCIEX) equipped with a BEH C18 column (2.1 × 100 mm, 1.7 
μm, Waters), operating in either negative or positive electrospray ioni
zation (ESI) mode. Compound separation was achieved using a ExionLC 
system. Further details are provided in the previous study (Sun et al., 
2019).

2.4. Mycelium growth curve plotting and enzyme assay of strain MetF1

At different time points, the culture solution in the Erlenmeyer flask 
was completely transferred to a centrifugal tube. After repeated centri
fugation to ensure complete mycelial precipitation, the supernatant was 
discarded, and the precipitated mycelia at the bottom of the tube were 
sequentially freeze-dried, weighed, and recorded.

The mycelium was collected by centrifugation from the fungal so
lution in the Erlenmeyer flask. After being washed three times with 
Phosphate Buffered Saline (PBS), the mycelial cells were resuspended in 
a specific amount of PBS and then were disrupted using an ultrasonic cell 
disruption system in an ice bath for 6 min. The resulting cell suspension 
was centrifuged at 8000 rpm for 5 min at 4 ◦C. The supernatant obtained 
was the intracellular crude enzyme solution. The supernatant was used 
to determine the activities of catalase, laccase, and cytochrome P450 
according to the instructions provided by the manufacturers of the 
respective kits (Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Characteristics of strain MetF1

To explore the characteristics of MetF1 and its potential mechanisms 
of action, several analyses were conducted. The harvested mycelial 
pellets of MetF1 were examined using scanning electron microscopy 
(SEM, Zeiss Sigma 300, Germany) to observe structural changes after 
fixation and freeze-drying. An energy dispersive spectroscopy (EDS, 
Oxford X-MAX, China) system coupled to the SEM was used to analyze 
the elements on the surface of the MetF1 mycelium.

Fourier transform infrared (FTIR) spectroscopy was performed to 
analyze the functional groups of MetF1 under the CK and MT treatments 
using an FTIR spectrometer (Thermo Fisher Scientific Nicolet iS20, 
USA). A sample of 1 mg mycelium biomass was mixed with 300 mg of 
potassium bromide (KBr) and placed on the crystal face of the ATR 
attachment. The infrared spectrum of the sample was then recorded in 
the range of 400 to 4000 cm− 1, with a resolution of 4 cm− 1 and 32 
accumulated scans, in accordance with the test requirements.

2.6. Transcriptomic analysis

Strain MetF1 was treated with 0 and 100 mg L-1 of metolachlor. The 

mycelium from each sample was frozen with liquid nitrogen, with three 
biological replicates. Total RNA was extracted from the mycelium in 
both the CK and MT groups using TRIzol reagent, following the manu
facturer’s instructions. RNA concentration was quantified using an ND- 
2000 (NanoDrop Technologies), and RNA integrity was assessed using 
the Bioanalyzer 5300 system (Agilent Technologies, CA, USA). Only 
high-quality RNA samples (OD260/280 = 1.8 ~ 2.2, OD260/230 ≥ 2.0, 
RIN ≥ 6.5, 28S:18S ≥ 1.0, >1μg) were selected for sequencing library 
construction. The cDNA library was sequenced on the Illumina 
sequencing platform by Majorbio Bio-pharm Biotechnology Co., Ltd. 
(Shanghai, China). After quality control of the raw data using fastp 
v0.19.3 and obtaining clean reads, the processed clean reads were 
aligned to the reference genome of P. oxalicum using HISAT2 software. 
The mapped reads from each sample were then assembled using 
StringTie (Pertea et al., 2015) in a reference-based approach. Differen
tially expressed genes (DEGs) between the two groups were identified 
using DESeq2 software. DEGs with |log2(FC)| ≥ 1 (i.e., fold change) and 
a false discovery rate (FDR) < 0.05 were considered significant (Love 
et al., 2014). Gene Ontology (GO) functional enrichment and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were 
conducted using Goatools and KOBAS, respectively (Xie et al., 2011). 
The raw data obtained from this experiment has been deposited in NCBI 
(SRA accession: PRJNA1296225).

2.7. Metabolomics analysis

Fifty milligrams of mycelium samples of P. oxalicum, being treated 
with either 0 or 100 mg L− 1 of metolachlor (with three replicates per 
treatment), were weighed and frozen in liquid nitrogen. Sample prepa
ration for metabolomics analysis, as well as subsequent data processing, 
was conducted at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, 
China) following standard procedures. Metabolites extracted from 
mycelium using 80 % methanol. As a part of the system conditioning and 
quality control process, a pooled quality control sample (QC) was pre
pared by mixing equal volumes of all samples. The QC samples were 
disposed and tested in the same manner as the analytic samples. It 
helped to represent the whole sample set, which would be injected at 
regular intervals in order to monitor the stability of the analysis.

Three biological replicates were analyzed for each treatment group. 
The LC-MS/MS analysis was conducted on a Thermo UHPLC-Q Exactive 
HF-X system (https://www.thermofisher.cn/). Mass spectrometric data 
were collected using a Thermo UHPLC-Q Exactive HF-X Mass Spec
trometer equipped with an electrospray ionization (ESI) source, oper
ating in both positive and negative modes. The pretreatment of LC/MS 
raw data was performed by Progenesis QI (Waters Corporation, Milford, 
USA) software, and a three-dimensional data matrix in CSV format was 
exported. The information in this three-dimensional matrix included: 
sample information, metabolite name and mass spectral response in
tensity. Internal standard peaks, as well as any known false positive 
peaks (including noise, column bleed, and derivatized reagent peaks), 
were removed from the data matrix, deredundant and peak pooled. At 
the same time, the metabolites were identified by searching database, 
and the main databases were the HMDB (https://www.hmdb.ca/), 
Metlin (https://metlin.scripps.edu/) and the self-compiled Majorbio 
Database (MJDB) of Majorbio Biotechnology Co., Ltd. (Shanghai, 
China). The data matrix, obtained through database searching, was 
uploaded to the Majorbio cloud platform (https://cloud.majorbio.com) 
for further analysis. Subsequently, the R package “ropls” (Version 1.6.2) 
was used to perform principal component analysis (PCA) and orthogonal 
partial least squares discriminant analysis (OPLS-DA), along with 7- 
cycle interactive validation to assess model stability. Differentially 
accumulated metabolites (DAMs) with a fold change (FC) ≥ 2 and var
iable importance in projection (VIP) ≥ 1 were identified. Finally, 
pathway enrichment analysis of DAMs was conducted using the KEGG 
database.
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2.8. Data analysis

Statistical analysis was performed using Excel 2016, and data visu
alization was carried out using Origin (version 8.5). Significant differ
ences between treatments (P < 0.05) were determined using one-way 
analysis of variance (ANOVA), followed by a Duncan post-hoc test for 
significant factors (Imron et al., 2024).

3. Results and discussion

3.1. Biodegradation of metolachlor by strain MetF1 in pure culture

Residual analysis methods for metolachlor and its metabolites in 
CDM were established. The recoveries of these compounds at all spiked 
levels (5, 10, 100 ng mL− 1) ranged from 71.9 % to 105.1 %, with relative 
standard deviations (RSD) ranging from 3.5 % to 11.0 %. The limits of 
quantification (LOQs) were between 0.01 and 0.10 ng mL− 1, and good 
linearity was observed between 0.1 and 100 ng mL− 1. These results 
demonstrate that the methods meet the required extraction efficiency 
for residue analysis.

Under optimal conditions, the biodegradation experiment of meto
lachlor by the strain MetF1 was conducted. As shown in Fig. 1(A), 100 
mg L-1 of metolachlor was almost completely degraded by MetF1 within 
120 h of incubation, while the degradation rate in the control treatment 
(CK) was only 15.1 % after 168 h. In the treatment involving inactive 
mycelium (MTI), there were no significant differences in the degrada
tion of the parent compound metolachlor compared to the treatment 
without mycelium (CK), in spite of a slight decreased residue. During the 
degradation process in the MT treatment, as depicted in Fig. 1(B-D), 
MDES emerged as the primary product, reaching a peak concentration of 
40 mg L-1 at the 60th hour of incubation. Over time, the MDES 

concentration gradually declined, while the levels of the other two 
metabolites, M2H and MMER, displayed a noticeable upward trajectory. 
Conversely, in the CK and MTI treatments, MDES and MMER were un
detectable, while the detection level of M2H was significantly lower 
than that in CK, where the M2H content was similar to that in MT. These 
findings indicate that the functional fungus plays a pivotal role in 
metolachlor degradation, with abiotic processes (adsorption/hydro
lyzation) contributing minimally. Moreover, the unique metabolites 
MDES and MMER observed are specific to the treatment involving active 
fungal cultures (MT), while the production of M2H is not substantially 
influenced by the functional fungus. Intriguingly, in the MT treatment, 
as the MDES content decreased from its peak, the production of MMER 
surged rapidly. In essence, these two metabolites exhibited relatively 
consistent yet opposite trends, as illustrated in Fig. 1(B) and Fig. 1(D). 
Additionally, Liu et al. (2019) observed that dechlorination typically 
reduced the toxicity of pesticides, suggesting that the metabolites were 
less toxic than the parent compound. However, other studies have re
ported that, at the gene expression level, metabolites exerted more se
vere stress on cell cycle regulation in zebrafish larvae than the parent 
compound, metolachlor (Rozmánková et al., 2020). Therefore, the 
environmental impact of these metabolites cannot be overlooked, and 
further research is needed to address this potential environmental issue.

3.2. Growth and enzyme activities of strain MetF1

Fig. 2 (A) illustrated the growth kinetics curves of MetF1 in treat
ments with and without the addition of 100 mg L-1 metolachlor, referred 
to as MT and CK, respectively. As shown, during the logarithmic growth 
phase (before 120 h of incubation), the growth rate of MetF1 in the CK 
group was much higher than in the MT group. However, after this 
period, mycelial proliferation in both groups gradually converged. This 

Fig. 1. Effects of active and inactive Penicillium oxalicum MetF1 on degradation of metolachlor (A) and production of metabolites (B-D). Note: CK, the CDM medium 
fortified with 100 mg/L metolachlor; MT, the CDM medium fortified with 100 mg/L metolachlor and 2 × 106 active spores mL− 1; MTI, the CDM medium fortified 
with 100 mg/L metolachlor and 2 × 106 inactive spores mL− 1.
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difference in early growth might be attributed to the toxic stress of 
metolachlor on the mycelia. At the 120th hour of incubation, the growth 
rate of the mycelia recovered, likely due to the reduced toxic stress from 
the remaining 10 % of metolachlor. After 168 h of incubation, the 
mycelial growth exhibited fluctuating changes, suggesting that growth 
in both treatments had reached a stable phase.

The low specificity of fungal enzymes secreted by microorganisms 
allowed them to co-metabolize a wide range of organic pollutants, 
including benzene derivatives, organochlorines, PAHs, pesticides, and 
synthetic polymers (Harms et al., 2011). Fig. 2 (B-D) showed the enzyme 
activities of catalase, laccase, and cytochrome P450 in the treatments. 
Generally, the activities of all three enzymes were enhanced by meto
lachlor stimulation during certain periods of the 5 d-incubation. How
ever, due to the varying priming times for each specific enzyme, their 
activities followed different trends. On days 1 and 3, laccase activity in 
the metolachlor treatment was significantly higher than in the control 
treatment, by 63.6 % and 44.0 %, respectively. Additionally, catalase 
activity on day 1 and P450 activity on days 3 and 5 were all significantly 
higher in the MT treatment compared to the CK treatment. This sug
gested that laccase might be more sensitive to metolachlor stimulation 
than catalase and cytochrome P450, thereby playing a more prominent 
role in the degradation of metolachlor. Laccases were a group of multi- 
copper oxidases found in plants, fungi, and bacteria, with the ability to 
degrade pesticides, antibiotics, lignin, steroids, and complex phenolic 
polymers, owing to their redox capabilities (Bhatt et al., 2023; Sitarz 
et al., 2014). Fungi, more so than bacteria, plants, or insects, were 
capable of secreting laccases with high redox potentials (Munk et al., 
2015), enabling them to oxidize more recalcitrant aromatic compounds 
and certain herbicides (Xu et al., 1996; Zeng et al., 2017). Additionally, 
catalase and cytochrome P450 (CYPs) were important antioxidant en
zymes expressed by bacteria, animals, fungi, and plants under oxidative 

stress. These enzymes could degrade a variety of substances, including 
pesticides, anti-inflammatory drugs, and polycyclic aromatic hydrocar
bons (PAHs) (Bhattacharya et al., 2013; Gan et al., 2022; Kaushal et al., 
2018; Sun et al., 2022).

3.3. Morphological changes of strain MetF1 upon exposure to metolachlor

The morphological differences between the control (CK, 0 mg kg− 1 

metolachlor) and treated (MT, 100 mg kg− 1 metolachlor) groups were 
examined to evaluate metolachlor-induced stress responses in strain 
MetF1. SEM analysis revealed significant alterations in the mycelial 
morphology of strain MetF1 at 100 mg kg− 1 metolachlor (Fig. 3A-F), 
indicating a cellular stress response. Compared to the relatively intact 
and well-structured mycelia in the CK group, the mycelia in the MT 
group exhibited more surface fractures, leading to a disordered distri
bution of fungal debris. Furthermore, the surface of mycelia in the MT 
group showed noticeable wrinkling, with some mycelia becoming pro
gressively fibrotic and appearing as flocculent materials.

Furthermore, the elemental composition on the surface of strain 
MetF1 in the CK and MT treatments was semi-quantitatively analyzed 
using Energy Dispersive X-ray Spectroscopy (EDS), as shown in Fig. 3 (G, 
H). After exposure to 100 mg L-1 metolachlor, the phosphorus and sulfur 
contents increased 1–2 times, from 0.8 % to 1.7 % and from 0.1 % to 0.2 
%, respectively. This increase might be due to the assimilation of these 
two elements from the medium during the degradation of metolachlor. 
Sulfur, being a component of certain amino acids, could indirectly in
fluence protein synthesis by affecting sulfur metabolism (Zhou et al., 
2025). Phosphorus, an essential element for microbial cells, played a 
crucial role in microbial growth and reproduction (Yao et al., 2018). 
Additionally, the detection of sulfur-containing metolachlor metabo
lites, such as MMER, further supported the EDS results.

Fig. 2. Growth and enzyme activities of strain MetF1 during incubation. (A) Growth curves of mycelium with and without the addition of 100 mg L-1 metolachlor, (B- 
D) Specific enzyme activity changes in the treatments of CK and MT. Note: CK, the CDM medium fortified with 100 mg/L metolachlor; MT, the CDM medium fortified 
with 100 mg/L metolachlor and 2 × 106 active spores mL− 1. Different lowercase letters denote statistical differences between treatment groups or metabolites at the 
5 % level according to Duncan’s test.
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Functional groups involved in the degradation process were identi
fied using Fourier-transform infrared (FTIR) spectroscopy. As shown in 
Fig. 2(I), a broad peak at 3277.02 cm− 1 corresponded to the stretching 
vibration of hydroxyl groups (–OH), while the peak at 1633.24 cm− 1 

indicated the presence of carbonyl groups from amide compounds. 
Similarly, distinct absorption peaks at 2923.40 cm− 1 and 1541.33 cm− 1 

confirmed that amide and carbonyl groups were the predominant 
functional groups in P. oxalicum (Yang et al., 2021). After exposure to 
metolachlor, in addition to the previously mentioned absorption peaks, 
two new peaks emerged at 1744.05 cm− 1 and 1239.03 cm− 1, corre
sponding to a C–O bond from β-(1, 3)-glucan and a carboxyl group 
(C––O) from lipids or other compounds. These findings suggested that 
metolachlor might inhibit the growth of strain MetF1, and its adsorption 
by the fungal cells affected the abundance of surface functional groups. 
Furthermore, the degradation of metolachlor likely involved both 
intracellular and free extracellular enzymes. The β-(1, 3)-glucan, a key 
component of the fungal cell wall, might be a product of MetF1′s 
metabolic adaptation to metolachlor stress. In summary, metolachlor 
altered the abundance of surface functional groups on strain MetF1, 
while the fungus synthesized β-(1, 3)-glucan and other substances to 
adapt to the adverse conditions induced by the herbicide.

3.4. The results of transcriptome analysis

To investigate the degradation mechanism of metolachlor by MetF1, 
fungal samples were collected at the 60th hour for RNA-seq analysis. The 
experimental groups included the metolachlor degradation group (MT) 
and a control group (CK), with three replicates for each group. Overall 
analysis of the samples generated 51,740,629 ± 2,410,557 clean reads, 

with a GC content of 54.9 ± 0.2 % and a Q30 value (the percentage of 
bases with a quality score of 30 or higher) of 93.8 ± 0.2 % (see sup
plementary material). Using the Penicillium oxalicum genome 
(GCA_000346795.1) as the reference, sequence alignment rates for the 
clean reads against the reference genome ranged from 66.4 % to 72.3 % 
for each sample (see supplementary material). StringTie software was 
used to assemble the RNA-seq data for each sample, resulting in a total of 
15,136 unigenes. A comparison of genes and transcripts with various 
databases, including the GO and KEGG databases, was performed to 
obtain comprehensive annotation information. As shown in supple
mentary material, in the NR database (NCBI non-redundant protein 
database), 9,923 unigenes (99.4 % of the total) matched and aligned 
with known proteins. To acquire functional information for all genes, 
the unigenes and their homologous proteins were annotated with the GO 
and COG databases. Among the 9,923 NR-annotated unigenes, 4,537 
genes were assigned at least one GO term, accounting for 45.5 % of all 
annotated genes. These genes were categorized into three functional 
groups: biological processes (9,752 unigenes, 40.8 %), cellular compo
nents (9,522 unigenes, 39.8 %), and molecular functions (4,637 unig
enes, 19.4 %) (see supplementary material). Annotation of unigenes 
based on the KEGG database revealed that 3,671 unigenes were mapped 
to various pathways (see supplementary material). These annotations 
were distributed across six main categories of KEGG metabolic path
ways: Metabolism (1,187 unigenes), Genetic Information Processing 
(793 unigenes), Environmental Information Processing (261 unigenes), 
Cellular Processes (454 unigenes), Organismal Systems (368 unigenes), 
and Human Diseases (432 unigenes).

To elucidate metolachlor degradation mechanisms, transcriptomic 
profiles of MetF1 were compared between metolachlor-treated and 

Fig. 3. Morphological alterations induced by metolachlor exposure in strain MetF1. (A-C) SEM images of strain MetF1 in control treatment representing different 
scale bars; (D-F) SEM images of strain MetF1 under 100 mg L-1 metolachlor exposure representing different scale bars; (G, H) EDS analysis verifying the presence of 
various elements on the cell surface of MetF1 in the treatments of CK-F (exposed to 0 mg L-1 metolachlor) and MT (exposed to 100 mg L-1 metolachlor), respectively; 
(I) FTIR spectrum comparing untreated metolachlor (green line) with metolachlor treated at 100 mg/L (purple line) on strain MetF1. Note: CK-F, the CDM medium 
contained 2 × 106 mycelium spores of MetF1 mL− 1; MT, the CDM medium fortified with 100 mg/L metolachlor and 2 × 106 active spores mL− 1.
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untreated conditions, revealing differentially expressed metabolic genes 
and pathways. Based on quantitative gene expression data, differential 
gene analysis identified 229 differentially expressed genes (DEGs) be
tween the treatment and control groups, with 124 genes up-regulated 
and 105 down-regulated (see supplementary material). To further 
characterize these DEGs, GO and KEGG database annotations were 
performed. As shown in Fig. 4 (A), the GO functional annotation was 
divided into three categories: biological process (146 DEGs, 77 up- 
regulated and 69 down-regulated), cellular component (97 DEGs, 52 
up-regulated and 45 down-regulated), and molecular function (134 
DEGs, 83 up-regulated and 51 down-regulated). Among these, the pro
cess with the highest number of enriched DEGs was catalytic activity (78 
DEGs), of which 31 were down-regulated and 47 were up-regulated. In 
the KEGG database functional annotation (Fig. 4B), a total of 191 DEGs 
were annotated, including 80 up-regulated genes and 111 down- 
regulated genes. Among these, the metabolic pathway with the high
est number of DEGs was amino acid metabolism, with 29 DEGs (25 up- 
regulated and 4 down-regulated). GO enrichment pathway analysis 
revealed that 7 pathways were significantly enriched: Oxidoreductase 
activity, Oxidation-reduction process, Catalytic activity, Mono
oxygenase activity, Oxidoreductase activity acting on paired donors 
with incorporation or reduction of molecular oxygen, Heme binding, 
and Tetrapyrrole binding (Fig. 4C). KEGG enrichment analysis of the 

DEGs revealed significant differences in 8 metabolic pathways, namely: 
Tyrosine metabolism, Phenylalanine metabolism, Valine, leucine, and 
isoleucine degradation, Styrene degradation, Tryptophan metabolism, 
Steroid hormone biosynthesis, Propanoate metabolism, and African 
trypanosomiasis (Fig. 4D). During the degradation of metolachlor, the 
carbon and nitrogen metabolism pathways of this strain were impacted, 
likely due to the strain utilizing metolachlor as a carbon source. Addi
tionally, as shown in Table 1, the analysis identified enzymes involved in 
organic compound degradation, including oxidoreductases, de
hydrogenases, hydrolases, acyltransferases, and isomerases.

In the transcriptomic results (Table 1), both peroxidases and oxy
genases were found to be up-regulated. Peroxidases were capable of 
oxidizing a wide range of organic compounds, while oxygenases played 
a key role in the ring-opening process of aromatic organic compounds 
(Khalid et al., 2022). Therefore, both peroxidases and oxygenases were 
potential enzymes involved in metolachlor degradation. Additionally, 
the DEGs analysis revealed that the cytochrome P450 enzyme system 
was universally up-regulated (Table 1). Previous studies have shown 
that cytochrome P450 enzymes, predominantly located in the endo
plasmic reticulum and mitochondrial membranes in eukaryotes, were 
soluble proteins in prokaryotes, primarily found in the cytoplasm, and 
were membrane-bound proteins in eukaryotes (Bhattacharya and 
Yadav, 2017). Cytochrome P450 enzymes were involved in the 

Fig. 4. Functional annotation and enrichment analysis of differentially expressed genes: (A) GO database functional annotation divided into: I. biological process, II. 
cellular component, III. molecular function; (B) KEGG database functional annotation divided into: I. Metabolism, II. Genetic Information Processing, III. Envi
ronmental Information Processing, IV. Cellular Processes, V. Organismal Systems, VI. Human Diseases Cellular processes and signals; (C) GO enrichment pathway 
analysis; (D) KEGG enrichment pathway analysis.
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metabolism of endogenous substances and the transformation of exog
enous compounds. Their terminal oxidation function played a crucial 
role in carbon assimilation, the degradation of exogenous substances, 
and microbial growth metabolism, particularly in the degradation of 
organic compounds (Xiao and Kondo, 2019). In this study, all enzymes 
in the cytochrome P450 system were found to be up-regulated, which is 
consistent with our previous finding that cytochrome P450 levels were 
significantly higher in the treatment group exposed to metolachlor. 
Given that cytochrome P450 enzymes were distributed intracellularly, it 
is hypothesized that this enzyme superfamily might play a key role in 
regulating the degradation of metolachlor by MetF1.

The phenylacetic acid degradation pathway emerged as particularly 
prominent in the KEGG analysis, with all constituent enzyme systems 
showing marked up-regulation among the DEGs (Fig. 5). These included 
hydroxylases, oxygenases, isomerases, and others. Hydroxylation was a 
crucial step prior to the ring-opening of benzene derivatives, while 
oxygenases directly catalyzed the cleavage of aromatic rings (Hu et al., 
2022). Given that metolachlor contained a benzene ring in its parent 
structure, similar to phenylacetic acid, the up-regulation of this pathway 
suggested its enhanced role in facilitating the complete ring-opening 

degradation of metolachlor, potentially aiding its entry into the citric 
acid cycle. Notably, phosphatases exhibited varying degrees of up- 
regulation during metolachlor degradation, accompanied by coordi
nated induction of enzymes associated with oxidative phosphorylation 
and substrate phosphorylation pathways. However, pathways associ
ated with substrate phosphorylation did not show any enrichment of 
differentially expressed enzymes or genes. Since oxidative phosphory
lation was an aerobic biochemical process and substrate phosphoryla
tion was an anaerobic one, it could be inferred that the degradation of 
metolachlor by MetF1 primarily occurred under aerobic conditions, 
with limited degradation under anaerobic conditions, which is consis
tent with previous research (Li et al., 2020). Furthermore, the observed 
phosphatase up-regulation was consistent with EDS and FTIR analytical 
results, which detected phosphoryl groups on hyphal cell surfaces in 
metolachlor-exposed (MT) samples. Phosphoryl groups and phospha
tases played essential roles in cellular growth metabolism and the 
degradation of organic compounds (Ma et al., 2020). In summary, MetF1 
facilitated the degradation of metolachlor through a series of biochem
ical reactions, with a detailed investigation into potential degradation 
enzymes/genes and enriched pathways.

3.5. The results of metabolome analysis

Metabolomics analysis was conducted on the intracellular metabo
lites of MetF1 during the degradation of metolachlor. As shown in 
Table 2, a total of 908 valid metabolites were obtained after data pre
processing, comprising 591 in positive ion mode and 317 in negative ion 
mode. KEGG and HMDB annotation analyses were performed on the 908 
metabolites. The results revealed that 477 (52.5 %) metabolites were 
annotated with KEGG compound numbers, 237 (26.1 %) were mapped 
to KEGG pathways, and 779 (85.8 %) were annotated in the HMDB 
database. Differential analysis of all metabolites showed 443 signifi
cantly different metabolites (p < 0.05, fold change (FC) < 0.5 or FC >
2.0) between the control group (CK, no metolachlor added) and the 
metolachlor degradation group (MT, 100 mg L-1 metolachlor added). 
Compared to the treatment of CK, 71 kinds of metabolites were signif
icantly increased and 372 kinds were significantly decreased in MT 
(Fig. 6A). This comprehensive metabolomics profiling provides valuable 
insights into the metabolic changes occurring in MetF1 during metola
chlor degradation, highlighting potential key metabolites and pathways 
involved in the process.

HMDB functional annotation was performed on the 443 differen
tially expressed metabolites to assess the types of metabolites that were 
significantly different between MT and CK, resulting in the annotation of 
364 metabolites. As shown in the supplementary material, the HMDB 
classification of differential metabolites ranked from highest to lowest, 
was as follows: Organic acids and derivatives (120 metabolites total: 9 
up-regulated, 111 down-regulated), Organoheterocyclic compounds (56 
metabolites total: 12 up-regulated, 44 down-regulated), Lipids and lipid- 
like molecules (48 metabolites total: 15 up-regulated, 33 down- 
regulated), Benzenoids (40 metabolites total: 10 up-regulated, 30 
down-regulated), Phenylpropanoids and polyketides (36 metabolites 
total: 15 up-regulated, 21 down-regulated), and Organic oxygen com
pounds (30 metabolites total: 2 up-regulated, 28 down-regulated). These 
six categories accounted for 90.7 % of the total annotated differential 
metabolites, with all other categories each representing less than 5 %. 
The results showed fewer up-regulated metabolites compared to down- 
regulated ones, suggesting that metolachlor addition might have led to a 
reduction in metabolic activity in MetF1. This was particularly evident 
in the organic acids and derivatives category, where 92.5 % of metab
olites were down-regulated. The down-regulation of small organic acids, 
which were common intermediates in carbon metabolism, indicated a 
slowdown in the intensity of carbon metabolism in MetF1. Among the 
up-regulated metabolites, lipids and lipid-like molecules were the most 
numerous, potentially reflecting the adaptive response of MetF1 to 
metolachlor stress. Previous studies have shown that fungi produce 

Table 1 
Up-regulated genes and enzymes possibly involved in metolachlor 
biodegradation.

Classification Description Gene_id

Phosphatase PAP2 superfamily gene5223, gene6284
Cytochrome 

P450
Cytochrome P450 gene1394, gene1417, gene1425, 

gene1688, gene3364, gene4227, 
gene557, gene6326, gene6971, 
gene8659, gene9747, gene9983

Acyltransferase Methyltransferase domain gene1056, gene3082
Sulfate adenylyltransferase gene1575
Acetyltransferase gene7717
Carboxyl transferase 
domain

gene9755

Alanine-glyoxylate amino- 
transferase

gene9758

Dehydrogenase Formate dehydrogenase gene1079
D-3-phosphoglycerate 
dehydrogenase

gene3281

D-arabinitol 2- 
dehydrogenase

gene4365

Alcohol dehydrogenase gene6422
2-oxoacid dehydrogenases 
acyltransferase

gene8538

2-oxoisovalerate 
dehydrogenase

gene8805, gene9046

Hydrolase Alpha-N- 
acetylglucosaminidase

gene2099

Glycosyl hydrolases family gene2688, gene3965, gene4119, 
gene7012, gene7333

Alpha/beta hydrolase 
family

gene4293, gene4565, gene8154

Oxidoreductase Flavin-binding 
monooxygenase-like

gene7225

Iron-containing redox 
enzyme

gene8156

Oxidoreductase vrtI gene8155
Peroxidase, family 2 gene9413
Copper amine oxidase gene2104
Indoleamine 2,3- 
dioxygenase

gene2453

Dioxygenase superfamily gene8903, gene9760
homogentisate 1,2- 
dioxygenase

gene8905

FAD-dependent 
monooxygenase

gene7605

Flavin-binding 
monooxygenase-like

gene7225

Hydroxylase Phenol hydroxylase gene9757
Isomerase Maleylacetoacetate 

isomerase
gene8907

Ribose/Galactose Isomerase gene3074
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secondary metabolites, including lipids, under environmental stress to 
modify cell membranes and lipoproteins, thereby enhancing stress 
tolerance (Bachleitner et al., 2021). In this study, lipids might work in 
conjunction with proteins to facilitate metolachlor degradation while 
helping MetF1 overcome adverse conditions, which was crucial for its 
stress resistance. Furthermore, in the Benzenoids category, a unique 
metabolite was found in the metolachlor-treated group (MT) that was 
absent in the control group (CK). Given that metolachlor contains a 
benzene ring, this suggests that MetF1 may be metabolizing and 
degrading metolachlor intracellularly. This aligns with the tran
scriptomic results mentioned earlier, which indicate intracellular 
metolachlor degradation. The up-regulation of certain benzenoid me
tabolites may also result from the utilization of metolachlor by MetF1. 
This comprehensive metabolomics analysis provides valuable insights 

into the metabolic changes occurring in MetF1 during metolachlor 
degradation, highlighting key metabolites and pathways involved in this 
process, as well as the strain’s adaptive responses to metolachlor stress.

As shown in supplementary material, KEGG classification annotation 
was performed on all differential metabolites, which were grouped into 
four categories: Phytochemical compounds (39), Pesticides (4), Lipids 
(37), and Compounds with biological roles (16). KEGG pathway anno
tation analysis was then conducted, and the metabolites were catego
rized into three main areas: Environmental Information Processing, 
Genetic Information Processing, and Metabolism. The metabolism 
category included several sub-pathways, such as Nucleotide meta
bolism, Metabolism of other amino acids, Metabolism of cofactors and 
vitamins, Lipid metabolism, Energy metabolism, Carbohydrate meta
bolism, Biosynthesis of other secondary metabolites, Amino acid meta
bolism, Translation, and Membrane transport. Among the 9 metabolic 
pathways, Amino acid metabolism contained the largest number of 
differential metabolites, with a total of 29, of which 26 were down
regulated and 3 were upregulated. KEGG pathway enrichment analysis 
of these differential metabolites is shown in Fig. 6 (B-D). Significantly 
enriched KEGG pathways include Tryptophan metabolism, Arginine 
biosynthesis, Riboflavin metabolism, Staurosporine biosynthesis, 
Glycine, serine, and threonine metabolism, Biosynthesis of various plant 
secondary metabolites, Glycerophospholipid metabolism, Carbapenem 
biosynthesis, Phenylalanine, tyrosine, and tryptophan biosynthesis, 
Pyrimidine metabolism, ABC transporters, and Arginine and proline 
metabolism (Veen and Konings, 1998). Pathways significantly enriched 
with up-regulated metabolites include Glycerophospholipid meta
bolism, Glycine, serine, threonine metabolism, and ABC transporters. 
These enrichment results suggest that down-regulated metabolites are 
primarily associated with the biosynthesis of nucleotides and amino 
acids, indicating that the CK treatment has more active synthetic 
metabolic pathways compared to the MT group. In the MT treatment, all 
three enriched metabolites in the Glycerophospholipid metabolism 
pathway were up-regulated. This pathway is closely linked to the 

Fig. 5. The expression levels of key enzymes and their differential genes in metolachlor degradation.

Table 2 
Overview of peaks and metabolites information statistics.

Ion mode pos neg mix

Raw peaks 4971 3173 8144
Raw identified metabolites 602 318 920
Proportion (%) 12.1 % 10.02 % 11.3 %
Origin peaks 3951 2552 6503
Origin identified metabolites 591 317 908
Proportion (%) 15.0 % 12.4 % 14.0 %
Metabolites in Library 477 304 781
Metabolites in KEGG 304 173 477

Notes: (1) Ion mode: The ion mode of a substance detected by a mass spec
trometer, including pos (positive ion mode) and neg (negative ion mode); (2) 
Peaks: the number of mass spectrometry peaks extracted through software; (3) 
Identified metabolites: the number of metabolites identified through primary 
and secondary mass spectrometry data in the database; (4) Metabolites in li
brary: the number of metabolites annotated to public databases such as HMDB 
and Lipid maps; (5) Metabolites in KEGG: The number of metabolites annotated 
to the KEGG database.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biortech.2025.133104.
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transport of the chiral herbicide S-metolachlor at the catchment scale: combining 
observation scales and analytical approaches. Environ. Sci. Technol. 51 (22), 
13231–13240. https://doi.org/10.1021/acs.est.7b02297.

McGahen, L.L., Tiedje, J.M., 1978. Metabolism of two new acylanilide herbicides, Antor 
herbicide (H-22 234) and dual (metolachlor) by the soil fungus (Chaetomium 
globosum). J. Agric. Food Chem. 26 (2), 414–419, 10.1021/ jf60216a007. 

Munk, L., Sitarz, A.K., Kalyani, D.C., Mikkelsen, J.D., Meyer, A.S., 2015. Can laccases 
catalyze bond cleavage in lignin? Biotechnol. Adv. 33 (1), 13–24. https://doi.org/ 
10.1016/j.biotechadv. 2014.12.008.

Munoz, A., Koskinen, W.C., Cox, L., Sadowsky, M.J., 2011. Biodegradation and 
mineralization of metolachlor and alachlor by Candida xestobii. J. Agric. Food Chem. 
59 (2), 619–627. https://doi.org/10.1021/jf103508w.

Nykiel-Szymanska, J., Bernat, P., Slaba, M., 2020. Biotransformation and detoxification 
of chloroacetanilide herbicides by Trichoderma spp. with plant growth-promoting 
activities. Pestic. Biochem. Physiol. 163, 216–226. https://doi.org/10.1016/j. 
pestbp. 2019.11.018.

Pertea, M., Pertea, G.M., Antonescu, C.M., Chang, T.-C., Mendell, J.T., Salzberg, S.L., 
2015. StringTie enables improved reconstruction of a transcriptome from RNA-seq 
reads. Nat. Biotechnol. 33 (3), 290–295. https://doi.org/10.1038/nbt.3122.

Rose, C.E., Coupe, R.H., Capel, P.D., Webb, R.M.T., 2018. Holistic assessment of 
occurrence and fate of metolachlor within environmental compartments of 
agricultural watersheds. Environ. Toxicol. Chem. 612, 708–719. https://doi.org/ 
10.1016/j.scitotenv. 2017.08.154.
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