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A B S T R A C T   

There has been growing concern over the release of plasticizers from plastic products, and the high levels of 
plasticizers in the environment have led to a threat to ecological security. Although some plasticizers may 
naturally degrade, their slow removal and prolonged life cycle remain challenges. To address this, this study 
explored a unique hybrid strategy using native field microorganisms and magnetic biochar (MBC) to support the 
upstream degradation of plasticizers. Diethyl phthalate (DP) was used as the test subject. The study found that 
MBC treatment led to high level of total organic carbon (TOC) and various organic products, demonstrating the 
degradation of DP. Analysis of the hybrid metagenomic model showed that several species of Pseudomonas can 
degrade downstream phenylmethanal and Pseudomonas nitroreducens has the ability to cooperate well with MBC 
due to its iron receptor and transporter. Additionally, a Pigmentiphaga species was found to have the ability to 
fully mineralize DP. Analysis of the Pigmentiphaga pangenome revealed that genes related to DP biodegradation 
were shared by members of this genus. Although some members of Pseudomonas is known to be pathogenic, the 
species identified in the study may not be harmful as they lack virulence factors. The study provides evidence 
regarding the cooperation between native biodegraders and MBC in mineralizing plasticizers, offering a new 
solution for removing phthalate plasticizers from soil and surface water.   

1. Introduction 

Phthalates (PAEs) are commonly utilized as plasticizers within the 
plastic industry to enhance the flexibility, transparency, durability, and 
lifespan of plastics [1]. However, these phthalate-based plasticizers have 
a tendency to leach into the environment rather than forming a covalent 
bond with the resin [2]. Due to their extensive use, plasticizer contam
inants have been identified in various environments such as surface 
waters, sediments, agricultural fields, and soils located near industrial 
sites [3]. Hence, the development of a sustainable and efficient method 
to remove these pollutants is imperative as PAEs have a limited 

biodegradation rate [4]. 
The behavior of plasticizer pollutants is controlled by complex dy

namic physical, chemical, and biological processes, including adsorp
tion/desorption [5], leaching [6,7], chemical/biological degradation 
[8,9], plants uptake [10], and runoff [11]. However, these traditional 
methods are not without risks and limitations. Potential concerns 
include ineffectiveness for certain pollutants, recontamination, mobili
zation, generation of harmful byproducts, and persistence in the envi
ronment [12,13]. In contrast, microbial degradation provides a 
sustainable and eco-friendly approach to soil remediation that effec
tively treats a broad range of pollutants without generating harmful 
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byproducts or emissions [14]. However, the potential for release and 
degradation as well as microbial responses to PAEs in farmland-water 
systems are not well understood, yet. Although various studies have 
focused on the potential of natural microorganisms to digest PAEs 
[15,16], the microbial degradation of PAEs in environments often takes 
a long time and requires specific conditions favoring microbial growth 
and acclimatization [17]. For instance, a 35 days-long experiment 
revealed that native soil microorganisms alone were unable to reduce 
dioctyl phthalate concentrations by more than 20% [18]. Another 
investigation revealed that di-n-octyl phthalate degraded slowly even 
when bioaugmentation was made using adaptive activated sludge [19]. 
However, a recent investigation found that a combination of oxidation 
processes and stressors significantly accelerated the biodegradation of 
bis(2-ethylhexyl) phthalate decreasing the degradation time to just 24 
days [20]. This highlights the crucial role of external stimulation in 
enhancing the degradation of plasticizer pollutants known as PAEs. The 
distinct nature of paddy soil, characterized by frequent flooding, creates 
favorable conditions for various chemical reactions, making it important 
to conduct further research on the degradation potential of PAEs in this 
type of farmland-water system. A more detailed investigation of this 
environment will provide relevant information that will help in miti
gating the negative impacts of these pollutants. 

Biochar (BC)-based multifunctional materials have gained wide
spread recognition for their environmental friendliness, efficiency, and 
ability to remediate contaminated soils [21,22]. One particular type of 
biochar-based material, Magnetic Biochar (MBC), is formed through the 
pyrolysis activation or chemical co-precipitation of transition metals 
such as Fe, Co, and Ni with the biochar substrate [23]. These transition 
metals on MBC can help activate free radicals in the environment, such 
as sulfate radicals, to selectively degrade recalcitrant pollutants like 
PAEs [20]. BC has the ability to indirectly stimulate microorganisms by 
providing a favorable habitat within its porous structure, and its nutrient 
absorption capacity can continuously support microbial growth [24], 
thereby enabling certain microorganisms to synergistically remove 
pollutants with BC. Despite the potential benefits of MBC in degrading 
PAEs, there has been limited research on the degradation potential ob
tained through the interaction between MBC and native microbes in 
response to external stimulation. While some studies have focused on 
changes in soil microbial communities in the presence of PAEs, few have 
investigated the functional responses of specific microbial species. As a 
result, it remains unclear which microorganisms are responsible for PAE 
degradation in farmland-water systems and how MBC-microbe in
teractions play a role in the degradation of PAEs. Further investigation is 
needed to fully understand these interactions and the potential of 
biochar-based materials in remediation efforts. 

The current study aims to investigate the collaborative degradation 
of plasticizers in flooded soil using MBC and naturally occurring field 
microorganisms. Diethyl phthalate (DP) was selected as the model PAEs 
for this investigation since it is one of the most widely utilized PAEs in 
comparison to other plasticizer types and has been found in numerous 
contaminated fields [25]. A multidisciplinary approach was employed 
to characterize the metabolic processes involved in DP degradation. This 
approach involved identifying the organic levels and components pre
sent in contaminated soil leachate and DP released in the aqueous 
environment. Total organic carbon (TOC) analyzer, excitation-emission 
matrix (EEM) fluorescence spectroscopy, and gas chromatography-mass 
(GC–MS) spectrometry were combined to analyze the samples. In 
addition, high-precision Illumina short-reads and large-span nanopore 
long-reads were used together to obtain detailed information on the 
microbial communities present in the complex farmland soil–water 
system. Putative MBC cooperating species and microbes with the ability 
to autonomously degrade DP were obtained, and their potential path
ways for metabolizing DP were investigated. Pangenomic evidence 
suggests that related members of the Pigmentiphaga genus share the 
ability to degrade DP, and we further investigated these species for their 
potential antibiotic resistance and pathogenicity in the environment. 

2. Materials and methods 

2.1. Preparation of biochar and chemicals 

The preparation of biochar and magnetic biochar was conducted 
using rice straw as the raw material. Rice straw was subjected to drying, 
crushing, and sieving with a 60-mesh sieve prior to use. A portion of the 
treated rice straw was then mixed with urea, ascorbic acid, and FeS
O4⋅7H2O, placed in an autoclave, sealed, and subjected to a heating 
process at 160 ◦C for 10 h. After the mixed material was taken out and 
dried for 24 h, it was subjected to pyrolysis in a tube furnace at the 
temperature of 700 ◦C under N2 gas for 2 h. The solid material obtained 
after pyrolysis was then taken out. The solid material that has undergone 
mixed liquid pretreatment was named MBC, and the material obtained 
by pyrolysis of the original rice straw was named BC. Fig. S1 presents the 
surface structure and elemental composition of the magnetic biochar. 
The diethyl phthalate (C6H4-1,2-(CO2C2H5)2, ≥99%), Sodium persulfate 
(SP, Na₂S₂O₈, ≥ 99.5%), urea (NH2CONH2, 99%), and ascorbic acid used 
in the experiment were purchased from Sigma-Aldrich. 

2.2. Release experiment in water 

To explore the potential and characteristics of DP dissolution in 
water under different conditions, a release experiment was conducted. 
DP was dissolved in ultra-high quality Milli-Q water by adding 0.45 mL 
DP to 80 mL of water in a 120 mL amber glass bottle, and the mixture 
was shaken at 150 rpm for 24 h to evaluate the release properties. A 
separate set of experiments was performed to assess the impact of MBC 
on the DP aqueous solution. In these experiments, 0.5 g of MBC and 2.25 
mmol of sodium persulfate (SP) were added to the DP aqueous solution. 
The contact time was maintained at 24 h, and dissolved organic matter 
samples were collected through a 0.45 μm membrane filter and stored at 
− 20 ◦C for further analysis. 

2.3. Microcosm incubations and sampling 

Soil samples were collected from a depth of 2–20 cm in a paddy field 
located in Grumolo delle Abbadesse (VI, Italy) (45◦30′36.8′′N 
11◦39′29.3′′E). The samples were dried, ground, and sieved through a 
40-mesh sieve for later use. A microcosm incubation experiment was 
conducted with three replicates for each of the following treatments: 
Control, BC and DP, MBC and DP, and DP-contaminated treatment. The 
experimental setup involved filling 120 mL serum bottles with 50 g of 
soil and 80 mL of sterile ultrapure water. Then, 2.25 mmol DP were 
added to the microcosm to achieve of 1% (w/w) ratio of the dry weight 
of soil. The advanced oxidation process (AOPs) was then triggered by 
adding SP to the MBCDP treatment (SP were added according to the DP 
ratio of 1:1). The microcosms were incubated in the dark at 25 ◦C and 
wrapped in aluminum foil to prevent evaporation. 

After the first week of incubation, the liquid phase was collected, and 
the collection was repeated every two weeks thereafter. The liquid phase 
was sampled with a 2 mL syringe, centrifuged at 4000 rpm (Eppendorf 
5804R centrifuge) for 10 min, and the upper liquid layer was stored at 
− 20 ◦C for the subsequent analysis of dissolved organic matter (DOM). 
After the long-term incubation, the mixture in the microcosm was sub
jected to high-speed centrifugation for 10 min at 4000 rpm (Eppendorf 
5804R centrifuge). The obtained liquid samples were stored at − 20 ◦C 
for later determination of organic matter. 

2.4. Methodology for integrated liquid analysis 

The TOC content of liquid samples was measured using high- 
temperature catalytic combustion to CO2 on a TOC analyzer (TOC-L 
CPH, Shimadzu, Japan). The instrument was calibrated with potassium 
hydrogen phthalate. Prior to analysis, the liquid samples were filtered 
through 0.45 μm filters to remove any particulate matter. 
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The structural properties of the liquid samples were characterized 
using EEM fluorescence spectroscopy (Aqualog; Horiba-Jobin Yvon, 
USA). Using MATLAB Version 8.5.0197613 for Parallel Factor (PAR
AFAC) modeling as previously described [26].The instrument had an 
excitation range of 240 to 600 nm and an emission range of 280 to 550 
nm. To correct for Rayleigh scattering, the raw EEM data was normal
ized. The fluorescence spectra of Milli-Q water was taken under the same 
conditions to control for the effects of Raman scattering. 

Organic components of the liquid samples were analyzed using 
GC–MS (Clarus® 580, Clarus® SQ 8, USA). The instrument was operated 
in full scan mode (m/z 50–350), with electron impact (EI) mode at 70 eV 
and an ion source temperature of 220 ◦C. The temperature program for 
the GC oven started at 40 ◦C, held for 2 min, then ramped up to 280 ◦C at 
a rate of 10 ◦C/min and held for 9 min. Helium was used as the carrier 
gas. Chemical identification was based on comparison of the obtained 
mass spectra to the NIST mass spectral database [27]. Details regarding 
the samples preparation for GC–MS are available in the Supporting 
Information. 

2.5. DNA extraction and sequencing 

After long-term incubation, collect the homogenized soil mixture 
from each microcosm for microbialanalysis. DNA was extracted from the 
soil slurry using DNeasy PowerSoil® (QIAGEN GmbH, Hilden, Ger
many) with minor modifications according to the protocol of manufac
turer. NanoDrop (ThermoFisher Scientific, Waltham, MA) and Qubit 
fluorometer (Life Technologies, Carlsbad, CA) were used to check the 
quantity and quality of extracted samples. Shotgun sequencing was 
performed using the Illumina NovaSeq platform at the Sequencing Fa
cility of the DPartment of Biology, University of Padova. Total DNA from 
all samples was pooled and used to build a long-read library with the 
Rapid Barcoding kit (SQK-RBK004). A FLO-MIN106 R9 flow cell on a 
MinION device was then used to sequence the long-read library (Oxford 
Nanopore Technologies, Oxford, UK). 

2.6. Hybrid assembly and genomic data analysis 

Sequence data were deposited at the Sequence Read Archive (SRA, 
NCBI) under Bioproject PRJNA892267. The process of hybrid assembly, 
binning, functional annotation, and classification of metagenome 
assembled genomes (MAGs), as well as the calculation of reads per 
kilobase million (RPKM) per sample, are thoroughly described in the 
Supporting Information. 

Additional genomes/MAGs associated with putative DP degraders 
were downloaded from the NCBI database and used for pangenome 
analysis. Genome was assessed for completeness and contamination 
using Checkm2 [28] and subsequently annotated individually for each 
metagenome following the above protocol. The maximum-likelihood 
trees were generated with fasttree2 [29] using the binary presence 
and absence of accessory genes, and were visualized in phandango [30]. 
Antibiotic resistance genes (ARGs) were annotated using the Compre
hensive Antibiotic Research Database [31]. Predict the bacterial viru
lence of selected MAGs using the VFanalyzer [32]. 

2.7. Statistical 

The two-sided Welch’s t-test was used to determine the significance 
of differences in the number of genes associated to different functional 
categories in MAGs. Difference in the number of genes belonging to 
different categories were also estimated considering treatments and 
blank. Based on statistical results from the Fisher exact test, the 
“annotate” and “enrichment” functions of the EnrichM (v0.6.30) were 
used to identify enzymes enriched in MAGs associated to particular 
treatments (https://github.com/geronimp/enrichM). 

3. Results and discussion 

3.1. Liquid phase organic properties of different treatments 

The effect of AOPs activated by MBC on DP in a water environment 
was evaluated through a release experiment. Figure S1 illustrates the 
successful loading of Fe and N onto the surface of the prepared MBC. 
Previous research has shown that Fe-N co-doped BC has the ability to 
activate PS through a series of free-radical and non-free-radical path
ways, resulting in the production of highly oxidizing free radicals such 
as •OH, •SO4

- , and 1O2 that are capable of attacking and breaking the 
chemical bonds of pollutants [33]. Fig. 1 shows the organic structure 
properties and composition of the DP and MBCDP treatments after 24 h 
of shaking release. The excitation and emission (Ex/Em) peak at 275/ 
340 nm excited by DP is consistent with the position of tryptophan and 
protein-like substances, and the application of MBC significantly 
reduced the fluorescence intensity at this position. It has been reported 
in the literature [34] that the fluorescence intensity of furans and 
organic acids can be significantly lower compared to phenolic aromatic 
compounds. The use of MBC in this study resulted in a decrease in 
fluorescence intensity, which is believed to be caused by the formation 
of degradation products like acetic acid, besides, the presence of redox 
reactions may also lead to fluorescence quenching in DOM [35]. The 
GC–MS analysis showed clearly that the peak area of DP (16.32 min) 
after treatment with MBC was significantly reduced by 52% (Fig. 1b). 
The released products were identified as Phenylmethanal (PA) (7.34 
min) and benzylic alcohol (8.56 min). The high peak value of PA 
revealed a successful attack on the single bonds “C-C” and “C-O”, as well 
as the double bond “C = O” of DP. 

Fig. 2 presents the organic properties of the soil leachate obtained 
from the long-term incubation experiment. The changes in the TOC of 
soil leachate among different treatments during the incubation period 
are depicted in Fig. 2a. Initially, no significant differences were observed 
among the DP, BCDP, and MBCDP treatments. However, a marked 
decrease in TOC was observed in the BCDP treatment after 21 days of 
incubation and it remained similar to the blank group in the later stages, 
while the TOC of the DP and MBCDP groups increased over time, 
reaching 4270 mg/kg soil and 3480 mg/kg soil respectively on the 49th 
day. The observation that the BCDP group showed low TOC values is 
consistent with previous reports of efficient DP adsorption by biochar 
soil composites [36,37]. The elevated TOC in the MBCDP treatment 
indicated that adsorption is no longer the dominant mechanism, and 
that the buildup of intermediate products could contribute to the in
crease in TOC content. It can be inferred that MBC, which has a similar 
porous structure to BC, is capable of adsorbing and aggregating organic 
pollutants. The aggregation of DP on the surface of MBC makes it more 
susceptible to attack by free radicals such as •SO4

- generated by AOPs. 
Additionally, studies have shown that the oxygen-containing functional 
groups of MBC promote the generation of •SO4

- in the Fe3O4/PS system 
[38], enhancing the attack efficiency on organic matter and leading to 
the accumulation of more intermediate products. This warrants further 
experimental validation in the future. The increase in TOC in soil solely 
contaminated with DP can be attributed to the high solubility of DP in 
water (1080 mg/L at 25 ◦C) [39], which resulted in its gradual inte
gration into the soil leachate over time. 

EEM equipped with PARAFAC identified four principal components 
with distinct Ex/Em (Fig. 2b, Table1). Component 1 (C1) evidenced two 
prominent EX/Em peaks at 250 nm and 425 nm, as well as at 325 nm and 
425 nm. This spectral pattern aligns with the characteristics of sub
stances similar to humic acids. Prior studies have established the 
widespread presence of C1 in rice soil [40]. Component 2 (C2) displayed 
a maximum EX/Em peak at 275 nm/340 nm and is related to substances 
similar to tryptophan and proteins [41]. Furthermore, its spectral posi
tion matches that of the excitation spectrum of DP solvent. Component 3 
(C3) exhibited a peak position at 250 nm/500 nm, which is indicative of 
anthropogenic UVA humic or fulvic acid substances originating from 
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Fig. 1. The properties of organic matter obtained from the oscillatory release experiments of DP and MBCDP treatments. (a) Fluorescence properties of released 
substances identified by EEM spectroscopy. The fluorescence spectrum excited by DP in aqueous solution is referred to as a1, the corresponding excitation/emission 
wavelength is designated as a2, and the fluorescence intensity resulting from DP and MBCDP aqueous solution is represented by a3. (b) Organic compounds identified 
in DP and MBCDP aqueous solutions via GC–MS analysis. 

Fig. 2. Shifts in liquid phase. (a) Total organic carbon levels of soil solution from different treatments. (b) Structural features of liquid organic matter identified by 
EEM spectroscopy. The fluorescence spectrums excited by DOM in soil leachate are referred to as b1-4, the corresponding excitation and emission wavelengths are 
designated as b5-8, and the fluorescence intensity of the identified components among different treatments is denoted as b9. (c) Organic components in the liquid 
phase of MBCDP treatment identified by GC–MS spectroscopy. 
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terrestrial systems [42]. Component 4 (C4) displayed two emission 
peaks at (310, 410) nm and (310, 610) nm, which are attributed to UVA 
marine humic substances of anthropogenic origin from wastewater and 
agriculture [43]. This component was also in agreement with the fluo
rescence peak position of benzaldehyde, 4-hydroxy-3,5-dimethoxy, as 
reported in a previous study [34]. The distinct emission peak at 610 nm 
suggests the presence of higher molecular weight aromatic compounds 
[44]. These results showed that the fluorescence intensity of each 
component in the MBCDP treatment was significantly higher than that 
of the other two treatments. Although the TOC value of the DP treatment 
was higher than that of the MBCDP treatment, the fluorescence intensity 
of the fluorescent substances was lower in the DP treatment compared to 
the MBCDP treatment. The observed difference in soil organic matter 
may be attributed to a variety of factors, including redox reactions, 
condensation, concentration, and changes in ion exchange. For example, 
the polymerization and condensation of soil organic matter has been 
shown to lead to an increase in humic and fulvic acids [45]. Fenton 
oxidation has also been found to enhance the fluorescence intensity of 
aromatic functional groups in DOM by increasing the production of non- 
aromatic compounds and inorganic residues from proteins or humic 
substances [46]. Furthermore, the increase in C3 and C4 may be related 
to the accumulation of degradation products of DP in MBC treatment. 

Soil leachate is known to have a complex composition that hinders 
the detection of high molecular weight compounds and limits the ability 
to directly quantify the products due to low concentrations of various 

organic compounds. To overcome these limitations, the samples were 
concentrated through evaporative drying and analyzed by GC–MS to 
provide qualitative evidence of liquid phase components (Fig. 2c). 
Despite the difficulties in detecting high-intensity peaks, the MBCDP 
treatment still produced distinct peaks for benzyl alcohol, phthalic an
hydride, and diethyl phthalate. The larger peak area for PA at 7.36 min 
also indicated an increase in the content of benzaldehyde. In short, the 
presence of these components is in agreement with the results of the 
release experiment, providing direct evidence that the AOPs in the 
flooded soil environment were also successfully activated by elements of 
the MBC load, resulting in the attack of free radicals on DP and the 
accumulation of intermediate products such as PA. 

3.2. Taxonomic composition of the microbiome in different treatments 

Both a “global assembly analysis” and a “genome-centric meta
genomic” approach were used to ascertain the role of the microbiome in 
various microcosm bottles. The former was based on gene finding and 
annotation on the entire assembly obtained from the combined assembly 
of Illumina and nanopore reads. The scaffolds underwent a binning 
process to identify the microbial genomes. This process allowed to 
recover 193 MAGs (completeness ≥ 50% and contamination ≤ 10%). 74 
MAGs with a relative abundance greater than 1% were taxonomically 
assigned to 9 bacterial phyla, as depicted in Fig. 3. Proteobacteria, with 
38 MAGs, dominated the microbial community and have been reported 

Table 1 
The fluorescent components of the DOM samples.  

Components Ex/Em(nm) Description Source 

C1 250,325/425 Humic acid-like Autochthonous 
C2 275/340 tryptophan-like, protein-like Autochthonous 
C3 250/500 UVA humic-like fulvic acid, terrestrial, autochthonous 
C4 310/410,610 UVA marine humic-like anthropogenic from wastewater and agriculture  

Fig. 3. Properties of 74 MAGs identified in the microbiome with relative abundance higher than 1%: MAG coverage, quality (completeness and contamination), and 
taxonomic assignment. 
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to play important roles in global nutrient cycling and carbohydrate 
metabolism [47]. The increased relative abundance of this phylum 
(37.5% in MBCDP and 32.2% in DP treatment compared to the blank) 
suggested an elevated level of carbohydrate metabolism in both treat
ments. Firmicutes (4 MAGs), previously reported to play key roles in 
lignocellulosic decomposition [48], showed a significant decrease in 
relative abundance in MBCDP treatment, suggesting that soil natural 
organic matter is not the main degradant of this group. Other phyla such 
as Gemmatimonadetes (3MAGs), Chloroflexi (5MAGs), Bacteroidetes 
(2MAGs), and Acidobacteria (3MAGs) were significantly reduced in both 
DP and MBCDP treatments, while the relative abundance of Actino
bacteria (17 MAGs) remained unchanged among the various treatments. 
These phyla have diverse metabolic pathways which are relevant for 
important biogeochemical cycles, decomposition of biopolymers, and 
secretion of exopolysaccharides [49–51]. The addition of DP may have 
altered the organic substrate levels of the paddy soil, affecting the 
abundance of these phyla. 

Some specific MAGs belonging to the aforementioned phyla showed 
significant enrichment in response to different conditions. For instance, 
Pseudomonas nitroreducens sp. upd006 was found to have a relative 
abundance of up to 37.6% in the MBCDP group. Previous studies have 
linked this species with the degradation of aromatic compounds, 
including simazine and nicosulfuron [52]. Additionally, some of the 
highly abundant MAGs in the MBCDP treatment, such as Georgenia sp. 
upd041, Rhizobium sp. upd015, and Methyloversatilis sp. upd104, have 
been reported to be associated with the degradation of phthalic acid 
esters by soil bacterial communities [53,54]. This enrichment further 
supports the changes in microbial community composition observed as a 
result of the degradation of DP. The treatment of DP contamination also 
resulted in the significant enrichment of Achromobacter sp. upd101, 
Pigmentiphaga sp. upd102, Pseudomonas sp. upd084, and Comamonas 
terrigena sp. upd013. These microorganisms have the potential of uti
lizing DP as a direct carbon source for their growth. Nevertheless, mi
crobial composition analysis alone provides limited information, and the 
evidence presented in later sections, based on genome-centric functional 
analysis, provides a more comprehensive and convincing assessment. 

The variation in microbial community composition among the 
different treatments was illustrated through principal component anal
ysis (PCA) (Figure S4). As depicted, the microbial composition in the 
BCDP treatment was similar to the Blank group, while the DP and 
MBCDP treatments were noticeably distinct from the control. This is in 
line with the observed changes in species relative abundance. The po
tential obligate or facultative nutritional modes of the microbiome 
members across the different treatments were further explored through 
a co-occurrence analysis (Figure S5). Fig. S5(b) depicts the co- 
occurrence network of several highly abundant MAGs that exhibit sig
nificant correlation (r greater than 0.5) (considering only the top 50 
abundant MAGs). Notably, a significant positive association (r greater 
than 0.5, P < 0.05) was observed between Pseudomonas nitroreducens sp. 
upd006 and several MAGs, including Georgenia sp. upd041, Rhizobium 
sp. upd015, Delftia tsuruhatensis sp. upd012, Sphingobium yanoikuyae sp. 
upd020, and Enterobacter ludwigii sp. upd007. It has been reported that 
under simulated shallow aquifer conditions, Sphingobium yanoikuyae can 
convert DP to phthalic acid through successive hydrolysis or demethy
lation pathways [55]. Additionally, Georgia, Ancylobacter, and Rhizo
bium have been widely recognized for their ability to degrade polycyclic 
aromatic and xenobiotic organic pollutants [56–58]. This further sug
gests the possibility of complementary functional roles among these 
MAGs in response to the MBCDP treatment. 

3.3. Functional prediction at the global level 

Examining enzyme abundance among treatments can provide a clear 
understanding of how microbial communities contribute to the degra
dation of contaminants. The degradation of DP can be divided into two 
processes: upstream degradation (DP demethylation to form phthalic 

acid) and downstream degradation (phthalic acid mineralization). In 
this study, the RPKM values of genes in all samples were calculated and 
used as a proxi to assess the impact of different treatments on the up
stream and downstream degradation of DP. 

Fig. 4a compares the changes in abundance levels (calculated as 
RPKM values) of enzymes involved in the biodegradation process among 
different treatments. It is evident that the DP treatment had significantly 
higher levels of genes encoding phthalate transporter (ophD), phthalate 
4,5-cis-dihydrodiol dehydrogenase (EC 1.3.1.64), phthalate 4,5-dioxy
genase (EC 1.14.12.7), and phthalate 4,5-dioxygenase reductase 
component (EC:1.18.1.-) compared to the other treatments (Fig. 4A). 
Studies have shown that dioxygenase of Gram-negative bacteria first 
catalyze the formation of cis-4,5-dihydro-4,5-dihydroxyphthalate, fol
lowed by oxidation to 4,5-dihydroxyphthalate through NAD-dependent 
dehydrogenase [59]. Meanwhile, Gram-positive bacteria first oxidize 
PAEs to 3,4-dihydro-3,4-dihydroxyphthalate, which is deelectronized 
and dehydrogenated to produce 3,4-dihydroxyphthalate, followed by 
dehydrodecarboxylation [60]. Therefore, it is evident that the biodeg
radation process, which was controlled by gram-negative bacteria, 
dominated the DP treatment. In contrast, the levels of genes involved in 
the upstream degradation of DP in the MBCDP treatment were not 
significantly different from the blank sample. This suggests that the high 
organic matter levels in the MBCDP group did not result from direct 
degradation of DP by microorganisms. Further analysis was conducted 
to investigate the changes in genes encoding downstream benzoate 
metabolism among the treatments. It was observed that the MBCDP 
treatment showed higher levels of the gene encoding benzoate 1,2-diox
ygenase (EC 1.14.12.10) compared to the other treatments, suggesting 
that the MBCDP group utilized MBC to directly achieve the upstream 
degradation of DP and relied on soil microorganisms for the cooperative 
mineralization of downstream PA. 

The phylogenetic origins of DP degradation genes were explored by 
taxonomic classification of phthalate 4,5-dioxygenase (EC 1.14.12.7) 
and phthalate 4,5-dioxygenase reductase component (EC 1.18.1.-) 
genes, which control the first step in phthalate degradation (Fig. 4b). A 
total of 41 MAGs were found to contain genes encoding the enzymes EC 
1.14.12.7 and EC 1.18.1.-. Among them, several species including 
Pseudomonas nitroreducens upd006, Pigmentiphaga sp. upd102, Pseudo
monas sp. upd084, Azoarcus olearius sp. upd014, and Methyloversatilis sp. 
upd104, exhibited high gene copy numbers of these two enzymes 
(Fig. 4B). The distribution of these MAGs among different treatments is 
further displayed in Figure S6. It is clear that Pseudomonas nitroreducens 
sp. upd006, Pseudomonas sp. upd084 and Pigmentiphaga sp. upd102 not 
only exhibited high gene copy numbers of critical enzymes, but also 
were significantly enriched in the DP treatment or MBCDP treatment. 
This further qualifies them as potential DP degraders or possibly as 
species cooperating in MBC degradation. 

The discovery of Pigmentiphaga sp. upd102, a microaerophilic, aro
matic compound-degrading bacterium found exclusively in the DP 
treatment, is of significance. Previous studies have shown that species 
belonging to the genus Pigmentiphaga are capable of metabolizing aro
matic compounds [61,62], and in this study Pigmentiphaga sp. upd102 
showed a direct degradation potential for DP, therefore, it could 
represent a new DP degrader existing in natural paddy soil. To provide 
more logical and convincing proof of how these several MAGs contribute 
to the degradation of DP in different treatments, we further recon
structed the metabolic pathways of these MAGs and carried out 
comparative gene analysis. 

3.4. Putative degradation pathways identified from metabolic 
reconstruction 

3.4.1. Pseudomonas nitroreducens sp. upd006 and Pseudomonas sp. 
upd084 

In this study, the species Pseudomonas nitroreducens sp. upd006 and 
Pseudomonas sp. upd084 were identified as being enriched in the 
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Fig. 4. Microbial functional activities potentially associated with DP degradation at the global level. (a) RPKM values of selected DP degrading enzymes among 
different treatments. RPKM values of all genes are reported in Table S2. (b) Gene copy numbers of phthalate 4,5-dioxygenase in MAGs. 

Fig. 5. Graphical representation of the proposed DP metabolic pathway based on three key species. The red, purple and yellow dots represent genes present in 
Pseudomonas nitroreducens sp. upd006, Pseudomonas sp. upd084, and Pigmentiphaga sp. upd102, respectively. All relevant genes considered for metabolic recon
struction can be found in Table S5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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MBCDP and DP groups, respectively. Previous research has indicated 
that members of the genus Pseudomonas have a role in the degradation of 
various phthalic lipids, such as dibutyl phthalate [63]. To gain further 
insight into the metabolic potential of these two MAGs, metabolic re
constructions were performed on their genomes, as depicted in Fig. 5. 
The red and purple dots indicate the annotated genes in Pseudomonas 
nitroreducens sp. upd006 and Pseudomonas sp. upd084, respectively. Our 
results indicated that although both Pseudomonas nitroreducens sp. 
upd006 and Pseudomonas sp. upd084 contain the gene encoding the 
phthalate 4,5-dioxygenase (pht3), they are lacking other essential genes 
in the upstream biodegradation pathway of DP and the transporter genes 
for PAEs (oph cluster). Despite the lack of these genes can be attributed 
to the incomplete genome reconstruction, this finding suggests that they 
cannot directly convert DP into PA. However, the downstream degra
dation pathway from PA is complete in both MAGs. PA was converted to 
catechol through the action of benzoate 1,2-dioxygenase and dihy
droxycyclohexadiene carboxylate dehydrogenase, followed by a series 
of oxidases, isomerases, lipases, and transferases. This ultimately results 
in the production of Succinyl-CoA or Acetyl-CoA, which entered the 
tricarboxylic acid cycle. 

The results obtained from the MBCDP treatment indicate a high 
prevalence of Pseudomonas nitroreducens sp. upd006 in the samples. This 
suggests that this species is likely to be highly enriched with PA as a 
carbon source, particularly after intermediate PA is produced through 
oxidation. GC–MS analysis (Fig. 2C) supports the finding that firstly the 
C-O bond of DP is degraded to form phthalic anhydride, which was then 
further broken down to PA, and metabolized by Pseudomonas nitro
reducens sp. upd006. The enrichment of Pseudomonas sp. upd084 in the 
DP group appears to be linked to a mutualistic co-culture of microor
ganisms. As demonstrated in Figure S3, Pseudomonas sp. upd084 
exhibited a significant positive correlation with several MAGs that 
possess degradative potential. This suggests that the species may be able 
to metabolize intermediates produced by other species. In consideration 
of the functional similarity of Pseudomonas nitroreducens sp. upd006 and 
Pseudomonas sp. upd084 in the benzoate metabolism pathway, we 
conducted a comparative analysis of their gene content. The results of 
the comparison showed a high level of homology between the two MAGs 
(Figure S7). 

The ability of Pseudomonas species to uptake and metabolize iron has 
been well documented [64]. In our study, both Pseudomonas nitro
reducens sp. upd006 and Pseudomonas sp. upd084 possess complete 
polycyclic aromatic hydrocarbon degradation pathways. However, only 
Pseudomonas nitroreducens sp. upd006 was observed to be significantly 
enriched in the MBCDP group. This disparity between the two MAGs 
could be associated with the presence of ferrous iron (Fe(II)) and ferric 
iron (Fe(III)) in the reaction system activated by MBC. The Feo system is 
widely recognized as the primary ferrous (Fe(II)) transport system in 
prokaryotes [65]. FeoB, a large integral membrane protein, is believed 
to function as a ferrous permease, while FeoA can directly bind to FeoB. 
This FeoA-FeoB interaction is essential for the uptake of Fe(II) [66]. Our 
results, as anticipated, indicated the presence of genes encoding FeoA 
and FeoB in Pseudomonas nitroreducens sp. upd006 and their absence in 
Pseudomonas sp. upd084 (Table S3). 

Furthermore, to postulate how the conversion process of Fe(II) to 
free ferric iron (Fe(III)) is working upon activation of the AOPs, we 
conducted an investigation into the related functional genes involved in 
Fe(III) recognition and transport in these two MAGs. The outer mem
brane TonB-dependent receptor and transporter FpvA and FptA, known 
for their high selectivity and affinity for Fe(III) [67], were only present 
in Pseudomonas nitroreducens sp. upd006 and absent in Pseudomonas sp. 
upd084. To assess the similarity of the Fe(II) and Fe(III) uptake and 
transport functions among members of the Pseudomonas nitroreductase 
species, a pangenome analysis was conducted (Table S4). The results 
showed that genes encoding ferrous (Fe(II)) transport were present in all 
of the analyzed MAGs/genomes, with the exception of one downloaded 
genome named P. nitroreducens_contig1 having low completeness 

(87.57%), and the majority of them contained FpvA and FptA. These 
findings highlight the exceptional potential of Pseudomonas nitro
reducens as a cooperative partner in MBC, with its ability to absorb both 
Fe(II) and Fe(III) generated during AOPs, while degrading upstream 
accumulated PA. In short, DP was initially attacked by free radicals 
activated by MBC in this soil–water environment, causing chemical 
bond cleavage as well as the release of iron elements. Co-occurring 
microorganisms such as Sphingobium yanoikuyae sp. upd020 and Rhizo
bium sp. upd015 may help mineralize DP and other intermediate prod
ucts, leading to a significant accumulation of PA, which serves as a 
substrate for Pseudomonas nitroreducens sp. upd006. Furthermore, Fe(II) 
and Fe(III) in the process were absorbed by Pseudomonas nitroreducens 
sp. upd006, achieving harmless recycle of resources while mineralizing 
DP. This MBC-functional microbial combined system thus holds great 
promise for future biotechnological applications. 

3.4.2. Pigmentiphaga sp. upd102 
The yellow dots in Fig. 5 depict the genes annotated in Pigmentiphaga 

sp. upd102, whose whole-genome information is presented in Figure S8. 
Our analysis revealed the presence of a complete DP metabolic pathway 
in this MAG. The transport of PAEs into the bacterial cell is a critical 
metabolic step, which is facilitated by either the ABC transporter-type 
PAE transport system or, alternatively, by the permease-type PAE 
transporter [68]. In Pigmentiphaga sp. upd102, the phthalate transport 
protein (ophG) mediates the entry of DP into the cell, which is then 
converted into protocatechuate via the pht gene cluster. Finally, the 
protocatechuate undergoes degradation through protocatechuate diox
ygenase to enter the benzoate degradation process. Compared to Pseu
domonas nitroreducens sp. upd006 and Pseudomonas sp. upd084, 
Pigmentiphaga sp. upd102 exhibits a novel PA degradation pathway, 
converting PA to Benzoyl-CoA through benzoate-CoA ligase, ultimately 
generating 2,3-Didehydroadipyl-CoA which can enter the phenylalanine 
metabolism. The complete metabolic pathway of 2,3-Didehydroadipyl- 
CoA in Pigmentiphaga sp. upd102 is presented in the reconstructed 
phenylalanine metabolism map shown in Figure S9. 

The degradation of DP by the genus Pigmentiphaga has not been 
previously reported. In order to determine the presence of DP degra
dation capability within the genus, a pangenome investigation was 
conducted utilizing information from Pigmentiphaga-related genomes/ 
MAGs obtained from environmental (envMAGs) samples in the NCBI 
database (Table S6). The completeness of these envMAGs and Pigmen
tiphaga sp. upd102 varied between 73% and 100%, and the degree of 
contamination varied between 0% and 4.5%. In contrast, Pigmentiphaga 
sp. upd102 had low sequence homology to other Pigmentiphaga ge
nomes/MAGs retrieved in the NCBI database. We further retrieved the 
annotations of the core gene clusters involved in phthalate metabolism 
in the Pigmentiphaga genomes (Fig. 6B). The gene pht5 encoding 4,5- 
dihydroxyphthalate decarboxylase and terephthalate 1,2-dioxygenase 
oxygenase component (tphA3) were detected in all envMAGs and Pig
mentiphaga sp. upd102. The complete pathway for converting phthalate 
to protocatechuate, as encoded by genes pht3-5, was observed in all 
MAGs except Pigmentiphaga sp. landfill_2 (73% completeness). Addi
tionally, multiple envMAGs have genes (ophG, ophH) encoding PAE 
transporters, which may facilitate directly incorporating DP into the cell 
cytoplasm. Therefore, our putative DP mineralization pathway may be a 
ubiquitous capability in Pigmentiphaga based on evidence provided by 
the MAGs/genomes belonging to this genus. 

3.5. Antibiotic resistance and virulence factor of putative DP-degrading 
species 

The widespread presence of microplastics has raised concerns about 
the dissemination of antibiotic resistance genes (ARGs) [69] and path
ogenic organisms [70]. The impact of chemical additives in plastics on 
the proliferation of ARGs and virulence factors is currently unclear. 
Hence, it is important to examine whether microbes performing DP 
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degradation contain ARGs and virulence factors, as this could impact 
their applicability in biodegradation of plasticizers. 

All these three MAGs derived from the Pseudomonadota phylum 
contain ARGs that are linked to the resistance to specific types of drugs 
(Table S7). The most frequently occurring ARGs found in Pigmentiphaga 
sp. upd102 were those related to fluoroquinolone and tetracycline 
resistance. Similarly, both the two MAGs from the Pseudomonas genus 
showed strict hits for resistance to fluoroquinolone and tetracycline, as 
well as aminocoumarins, diaminopyrimidines, and phenols. Addition
ally, Pseudomonas sp. upd084 showed high hits for genes associated with 
resistance to benzalkonium chloride antibiotics. A more diverse set of 
ARGs was found in Pseudomonas nitroreducens sp. upd006, including 
those related to macrolide monobactam, carbapenem, cephalosporin, 
penam, peptide, sulfonamide, glycylcycline, and acridine dye resistance. 
These findings align with previous studies [71,72] and suggest that these 
three MAGs has the potential of spreading antibiotic resistance in the 
environment. 

The existence of bacterial virulence factors can hinder the applica
bility of bacteria for engineering/bioremediation purposes, as they 
enable pathogenic bacteria to replicate and disseminate within a host by 
circumventing host defenses [73]. Our analysis identified multiple 
virulence factor-associated genes in three MAGs (Table S8). These 
included genes involved in amino acid and purine metabolism, biofilm 
formation, efflux pumps, and antiphagocytosis. Furthermore, genes 
related to Type IV pili biosynthesis, a key component of primary 
epithelial cell adhesion [74], were present in Pseudomonas nitroreducens 
sp. upd006 and Pseudomonas sp. upd084. The presence of known 
harmful virulence gene clusters in Pseudomonas, such as exotoxin A and 

metallophores [75,76], were not identified in the selected MAGs. In 
particular, the gene related to phytotoxin phaseolotoxin (cysC1) was 
detected in Pseudomonas nitroreducens sp. upd006. Although several 
virulence factors were identified, many of them serve essential meta
bolic functions necessary for bacterial survival, thus, it is conceivable 
that the potential DP degraders proposed in this work won’t be patho
genic, making them suitable for use in the remediation of plasticizers in 
paddy soils and field runoff. However, the possible negative impact of 
Pseudomonas nitroreducens sp. upd006 on some plants should be noted. 

4. Conclusion 

Human activities have resulted in the influx of plastic waste into 
agricultural fields, leading to the accumulation of plastic additives in 
these environments. While the traditional methods of microbial degra
dation can be sluggish, incorporating magnetic biochar to activate the 
peroxidation process offers a promising avenue for facilitating the in- 
situ degradation of plasticizers. Indeed, this study demonstrated that 
hybrid magnetic biochar and field microorganisms, such as Pseudomonas 
nitroreducens sp. upd006 that can uptake Fe(II) and Fe(III), were capable 
of mineralizing DP plasticizer. Additionally, the species Pigmentiphaga 
sp. upd102 was observed to have the potential of completely metabolize 
plasticizers in contaminated soil. A pangenome analysis also suggested 
that plasticizer mineralization may be a common trait among members 
of the Pigmentiphaga genus. The absence of pathogenicity virulence 
factors in the proposed potentially degrading or MBC-cooperating spe
cies makes them a promising option for removing plasticizers from 
surface water and farmland soils. However, to ensure the safe and 

Fig. 6. Pangenome analysis of (a) Pseudomonas nitroreducens sp. upd006 and (b) Pigmentiphaga sp. upd102. All MAGs/genomes were retrieved from the NCBI 
database. The maximum-likelihood tree is generated using the binary presence and absence of accessory genes. 
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effective application of MBC in environmental remediation, it is crucial 
to consider how to design MBC to control its own toxicity and the 
environmental risks associated with free radicals. 
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