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Abstract

Phthalic acid esters (PAEs) are important plasticizers that have led to the heavy pollu-
tion of farmland, which has aroused significant and widespread concern for soil health
and food safety. Microbial degradation has been recognized as an efficient pathway for
removing PAEs from the environment. In this study, the PAE-degrading strain FR1 was
isolated from sewage and determined to belong to Glutamicibacter. This strain degraded
PAEs efficiently under a wide range of conditions—10–50 ◦C, pH of 6.0–11.0, and 0–8%
salinity—demonstrating its great potential in PAE bioremediation. Genome sequencing pro-
vided complete genomic information, showing that the strain comprises one chromosome
(3,404,214 bp) and three plasmids (112,089 bp, 80,486 bp, and 40,002 bp). The chromosome
harbors 3238 protein genes, of which the PAE hydrolase genes dphGB1 and mphGB2 have
been cloned. The hydrolase DphGB1 from hydrolase family I contained the catalytic triad
Ser75-Asp194-His221. After heterogeneous expression and purification, the recombinant
protein DphGB1, of about 30 kDa, was obtained. This hydrolase showed strong hydrolytic
ability toward DEHP. The protein MphGB2 could also hydrolyze MBP. The molecular
docking revealed interaction between DphGB1 and DBP. The main hydrolases of strain
FR1-degrading PAEs were functionally identified. These results will promote the elucida-
tion of the catalytic mechanisms of PAE hydrolases and the application of strain FR1 in
farmland soil remediation.

Keywords: phthalic acid esters; Glutamicibacter; biodegradation; genome sequencing;
hydrolase

1. Introduction
Phthalic acid esters (PAEs) usually act as plasticizers to make plastic products more

flexible [1]. Significant global production and consumption of PAEs have made them a type
of universal pollutant. Investigations have detected multiple kinds of PAEs in farmland soil,
mainly caused by the excessive use of agricultural plastic films and their residuals [2]. PAEs
bind non-covalently to plastic polymers, which results in PAEs leaking from the plastics. In
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addition, the application of fertilizers and pesticides containing PAEs contributes to the
accumulation of PAEs in farmland soil [3–5]. PAE pollution in farmland soil can destroy
the soil structure and influence agricultural productivity adversely [6]. The absorption
of PAEs by crops can affect food safety and threaten human health [7], as the exposure
to PAEs in the environment can seriously disrupt the endocrine [8], reproductive [9], and
respiratory systems [10]. Therefore, there is an urgent need to remediate the agricultural
pollution caused by PAEs.

The high hydrophobicity of PAEs hinders their degradation. Although they can
undergo abiotic degradation, such as through photochemical degradation and hydrolysis,
their degradation is extremely slow, cannot lead to their complete mineralization, and
may generate more toxic intermediates. In contrast, microbial degradation is fast and
environmentally friendly with the complete mineralization of PAEs [11], and is therefore the
most effective approach to PAE degradation. Bacteria are the key factors in PAE degradation.
Various PAE-degrading bacteria isolated from environmental samples mainly belong to
Gordonia [12], Bacillus [13], Acinetobacter [14], Mycobacterium [15], and Rhodococcus [16]. The
efficiency of PAE biodegradation is greatly influenced by the microbial species of degrading
strains, the environmental temperature and pH, the kinds and concentration of PAEs, and
co-metabolizable carbon sources. It has been reported that most PAE-degrading bacteria
display excellent degradation performance toward PAEs over a wide range of temperatures
and pH values. Mycobacterium sp. YC-RL4 degrades various kinds of PAEs, such as (di(2-
ethylhexyl) phthalate (DEHP), dicyclohexyl phthalate (DCHP)), diethyl phthalate (DEP),
dimethyl phthalate (DMP) and di-n-butyl phthalate (DBP), within the temperature range of
20–50 ◦C and pH 6.0–10.0 [15]. The almost complete degradation of DEHP, DBP, DEP, and
DMP is obtained under the action of Rhodococcus pyridinivorans XB [17]. Although most
strains are capable of completely degrading PAEs, some only degrade PAEs into monoalkyl
PAEs or phthalic acid (PA). Acinetobacter sp. M673 can successively hydrolyze the two
ester bonds of PAEs, but it probably lacks functional genes for PA metabolism in strain
M673 [18]. Rhodococcus jostii RHA1 degrades PAEs such as DMP, DEP, DBP, and DEHP
to their monoalkyl phthalates and PA. However, PAEs may inhibit the metabolic process
of PA and fail to provide energy for the growth of strain RHA1 [19]. These bacteria can
convert PAEs into the less toxic PA, potentially playing an important role in environmental
remediation. Some strains work synergistically to completely degrade PAEs. Di-n-octyl
phthalate (DOP) is degraded by Gordonia sp. JDC-2 to generate PA, which accumulates
as the final product [20]. However, Arthrobacter sp. JDC-32 can metabolize PA, but it
cannot degrade DOP. When these two strains are co-cultured, they cooperate to completely
degrade DOP. Although the superior degradation ability of these PAE-degrading bacteria
has been studied under laboratory conditions, the complex environmental conditions poses
significant challenges to their application in the remediation of contaminated environments.

The pathway of PAE degradation can be divided into two stages: (1) hydrolysis of
PAEs (upstream step) and (2) ring cleavage and mineralization of PA (downstream step).
The hydrolysis of two ester bonds of PAEs is the key step in PAE degradation, where the
hydrolases play vital roles and have attracted more attention. The two ester bonds are
usually hydrolyzed successively by two different hydrolases [19,21,22], but there are also
some hydrolases with the function of hydrolyzing two ester bonds [23,24]. At present, some
genes encoding PAE hydrolases have been cloned by using microbial genomic libraries or
the genome sequencing of PAE-degrading strains. Based on the whole-genome sequencing
and functional annotation of Gordonia sp. YC-JH1, a novel PAE hydrolase gene, estG1,
was predicted [25]. The hydrolase EstG1 converts DBP, benzylbutyl phthalate (BBP),
DEHP, DOP, and DCHP into corresponding monoalkyl PAEs. Pantoea dispersa BJQ0007
preferably degrades DEHP, and two hydrolases, GAY20_00820 and GAY20_10025, which
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are capable of hydrolyzing DEHP, have been identified by genome sequencing and genomic
analysis [26]. EstJ6, from the hydrolase family IV, was identified from a soil metagenomic
library and can hydrolyze dialkyl and monoalkyl PAEs [27]. The identification of PAE
hydrolases contributes to investigations of the complete biodegradation pathways of PAEs
in the strains.

In this work, we aimed to enrich the resources of bacteria that efficiently degrade
PAEs, investigate the degradation characteristics, clone PAE hydrolase genes, and reveal
the molecular mechanism of PAE degradation by the strain. Glutamicibacter sp. FR1, which
is capable of degrading PAEs effectively, was isolated from sewage. This isolate exhibits a
wide range of substrates and efficiently degrades DBP under a broad range of temperature,
pH, and salinity conditions. Based on the complete-genome sequencing of strain FR1, the
hydrolases that are responsible for the cleavage of PAE ester bonds were identified. Our
results not only enrich existing resources on PAE-degrading bacteria and PAE hydrolases,
but also shed light on the PAE degradation mechanism of strain FR1. This research will
contribute to applying this strain or hydrolases to the bioremediation of farmland soil that
has been contaminated by PAEs.

2. Materials and Methods
2.1. Chemicals and Strains

Dialkyl PAEs, mono (2-ethylhexyl) phthalate (MEHP), monobutyl phthalate (MBP),
and PA were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China) or
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Methanol and n-hexane
were obtained from Thermo Fisher Scientific (Waltham, America). The FastPure Bacteria
DNA Isolation Mini Kit (Vazyme Biotech Co., Ltd. Nanjing, China) was used to extract
the genomic DNA of the bacteria. The Ni-NTA Resin from TransGen Biotech Co., Ltd.
(Beijing, China) was used to purify proteins. The binding buffer, elution buffer, trace
element medium (TEM), and LB medium were prepared following the methods described
in previous reports [25,28].

2.2. Isolation and Identification of Bacteria

Sewage from a chemical plant was sampled. First, 4 mL of sewage was added into
liquid LB medium, which was shaken at 30 ◦C and 180 rpm for 3 days. Then, 1 mL of
culture mixture was inoculated into liquid TEM (pH 8.0) containing 100 mg·L−1 of DBP, and
the mixture was incubated in a shaker at 30 ◦C and 180 rpm for 7 days. The transfer process
was repeated three more times, with the DBP concentration increasing by 50 mg·L−1 each
time. Then, the culture was incubated on a TEM agar plate containing 100 mg·L−1 of DBP
at 30 ◦C. The single-colony FR1 surrounded by a transparent zone was transferred to a
liquid LB medium and grown at 30 ◦C and 180 rpm until an OD600 ≈ 1.0. Following this,
1 mL of bacterial solution was centrifuged, and the bacterial cells were resuspended in an
equal volume of TEM. A total of 100 µL of bacterial solution was transferred into 10 mL
of TEM (pH 8.0, containing 0.5 mM DBP), which was placed in a shaker at 30 ◦C and
180 rpm for 5 days. There was no bacterial solution in the control. Three replicates were
established in this and the following experiments. DBP degradation was determined by
HPLC detection.

The genomic DNA of strain FR1 was extracted using the DNA Isolation Kit. The 16S
rRNA gene of strain FR1 was amplified using the universal primers 27F and 1492R and
the template of genomic DNA [29]. The products of the 16S rRNA gene were sequenced.
The 16S rRNA gene sequence was aligned with selected sequences in the NCBI Genbank
database, and its phylogenetic tree was plotted using MEGA6.0 software [30].
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2.3. PAE Degradation Characteristics of Strain FR1

To assess the effect of temperature on DBP degradation, 10 mL of liquid TEM (pH 8.0)
was added into the conical flask. Then, DBP was added to 0.5 mM, and 100 µL of FR1
bacterial solution was inoculated. The control group contained no bacterial solution. After
5 days of oscillating culture at different temperatures (10–50 ◦C) and 180 rpm, the culture
and an equal volume of n-hexane were fully mixed to extract the DBP. The upper organic
phase was filtered through a 0.22 µm membrane and subjected to HPLC to detect the
residual DBP. To assess the effect of pH on DBP degradation, 100 µL of FR1 bacterial
solution and 0.5 mM of DBP were added into 10 mL of liquid TEM with different pH values
(pH 3.0–11.0). To assess the effect of salinity on DBP degradation, 100 µL of FR1 bacterial
solution and 0.5 mM of DBP were added into 10 mL of liquid TEM (pH 8.0) with different
salt concentrations (0–20%). The other experimental conditions were the same as described
above. In 10 mL of liquid TEM (pH8.0), different PAE substrates (DEHP, DOP, DCHP,
diheptyl phthalate (DHeP), dihexyl phthalate (DHP), di-n-pentyl phthalate (DPeP), BBP,
DBP, dipropyl phthalate (DPrP), DEP, and DMP) were added to 0.5 mM. The treatment
group contained 100 µL of FR1 bacterial solution and was cultivated for 5 days at 30 ◦C
and 180 rpm. PAEs in the samples were detected by HPLC.

2.4. Complete-Genome Sequencing of Strain FR1

The genomic DNA of strain FR1 was extracted and detected by agarose gel elec-
trophoresis to ensure the concentration and integrity of the DNA. The sequencing libraries
of the genomic DNA were constructed, and high-throughput sequencing was performed
using the platform of Illumina NovaSeq and PacBio Sequel. FastQC was used for quality
control of the sequencing data of Illumina [31]. The PacBio sequencing data were spliced
using HGAP and CANU software to obtain the contig sequences [32,33]. The pilon software
was used to calibrate contig with the high-quality data of Illumina sequencing. The genome
sequence of FR1 was finally assembled [34]. The assembly coverage was 100%, and the
N50 was 22,547 bp. There was no gap in the assembled genome. The genes of protein,
tRNA, and rRNA were predicted across the whole genome of strain FR1, and the predicted
protein was annotated in the NCBI-NR, COG, KEGG, Swiss-Prot, and GO databases [28].

2.5. Cloning of Candidate Genes of PAE Hydrolases

Based on the genomic sequence of strain FR1, the reported dialkyl PAE hydrolase
DpeH (AZP89727.1) and monoalkyl PAE hydrolase MpeH (AZP89726.1) were used as
reference sequences to search for proteins from strain FR1, which had a high sequence
similarity with the reference sequences and were predicted to be PAE hydrolase DphGB1
and MphGB2. The signal peptide was predicted using SignalP5.0 [35]. The phylogenetic
trees between DphGB1 and the other hydrolases were constructed using MEGA 6.0. Multi-
sequence alignment was conducted by CLUSTALW to analyze the conserved motifs of
DphGB1 and MphGB2. Codon optimization was performed on the candidate genes dphGB1
and mphGB2 of the PAE hydrolases. The synthesized genes were then cloned into the expres-
sion vector pCold II between the sites of NdeI and XbaI, and the recombinant vectors were
transformed into competent cells of ArcticExpress (DE3). The resulting expression strains
were spread on LB agar plates containing 50 mg·L−1 Amp and cultured at 37 ◦C for 16 h.
Single colonies were selected for sequencing to obtain strains with positive expressions.

2.6. Expression and Purification of Hydrolase DphGB1 and MphGB2

The above-described expressed strains containing the gene dphGB1 were added to
LB liquid medium with a supplement of 50 mg·L−1 Amp, and the mixture was cultured
at 37 ◦C and 180 rpm to an OD600 ≈ 1.0. Then, 0.1 mM of IPTG was added into the
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bacterial culture and induced at 16 ◦C and 180 rpm for 20 h. The bacteria were collected
by centrifugation, suspended with binding buffer, and disrupted with ultrasound. The
supernatant was collected after centrifuging the cell lysate. The Ni2+ column was balanced
with 10 mL of binding buffer. The supernatant was added to the column, which was washed
with 10 mL of binding buffer and eluted with 10 mL of elution buffer. The protein DphGB1
in whole cells, the supernatant, and elution components were detected by SDS-PAGE. The
experimental procedures for the expression and purification of MphGB2 were the same as
those described above.

2.7. Functional Identification of Hydrolases DphGB1 and MphGB2

To verify the function of DphGB1, 40 µL of DphGB1 protein solution was added
into 900 µL of Tris-HCl buffer (pH 7.1) containing 0.5 mM of DEHP, and the solution was
fully mixed. The control group contained no DphGB1 protein solution. The mixture was
incubated at 30 ◦C and 180 rpm for 30 min. DEHP in the samples was detected by HPLC to
verify the hydrolysis function of DphGB1. MBP was added to the Tris-HCl buffer (pH 8.0)
to 0.5 mM. The mixture was supplemented with MphGB2 protein solution. The control
group contained no MphGB2. The reaction was conducted at 180 rpm at 30 ◦C for 60 min.
The procedures for the extraction and detection of MBP in the samples were the same as
those described above.

2.8. Molecular Docking

Molecular docking of DphGB1 and DBP was performed using a semi-flexible approach
with AutoDock Vina [36]. The 3D structure of DphGB1 was modeled by SWISS-MODEL
(https://swissmodel.expasy.org/) (accessed on 16 July 2025), while the 3D structure of
DBP was obtained from the NCBI database. Prior to docking, hydrogens were added to
both DBP and DphGB1, and the torsion root and torsion centers of DBP were defined.
A key docking parameter was the definition of a docking box encompassing the entire
DphGB1 receptor, with the DBP ligand being positioned outside this box. Another critical
parameter was the exhaustiveness value, which controls the depth of AutoDock Vina’s
search for binding conformations. A value of 100 was used in this study to balance the
result reliability with computational costs. AutoDock Vina was then used to perform the
docking calculations and generate potential binding conformations. The model with the
lowest predicted binding energy (−6.0 kcal mol−1) was selected as the best docking result,
and its conformation served as the evaluation standard for subsequent calculations.

2.9. Analytic Method

An equal volume of n-hexane was added to the reaction mixture, which was shaken
well to extract PAEs. Then, 1 mL of the sample was filtrated through a membrane of 0.22 µm
and subjected to HPLC. The HPLC conditions were as follows: Zorbax XBD C18 column
(4.6 × 250 mm, 5 µm), column temperature of 25 ◦C, injection volume of 1 µL, and flow
rate of 0.8 mL·min−1. For the detection of DMP, DEP, DPrP, DBP, and BBP, the mobile phase
was methanol/water (0.1% acetic acid) = 20%:80%. For the detection of DPeP, DHP, DHeP,
DOP, DCHP, and DEHP, the mobile phase was methanol.

3. Results
3.1. Isolation and Identification of the DBP-Degrading Strain

The bacteria in the sewage sample were enriched in a liquid TEM containing DBP.
With the increase in DBP concentration in the TEM, the strains that could grow using DBP
as a carbon source adapted to the environment. Then, after purification on a TEM plate
containing DBP, a single colony with a transparent zone around it was observed and named

https://swissmodel.expasy.org/
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FR1 (Figure S1). The strain appeared opaque and milky white, with regular and circular
edges. After the detection of DBP by HPLC (Figure S2), strain FR1 almost completely
degraded DBP over 5 days, indicating the efficient DBP-degrading ability of this strain.
The gene of 16S rRNA was amplified and sequenced. Its sequence shared the highest
degree of identity with that of the genus Glutamicibacter. In the phylogenetic tree, strain FR1
and Glutamicibacter mysorens LMG 16,219 from the EzBioCloud database were clustered
together (Figure 1). In conclusion, Glutamicibacter sp. FR1 with DBP-degrading ability was
successfully isolated.

   Paeniglutamicibacter sulfureus DSM 20167 T（X83409） 

 Paeniglutamicibacter quisquiliarum ABSL32-1 T（MZ420335） 
 Paeniglutamicibacter antarcticus SPC26 T（AM931709） 

 Paeniglutamicibacter psychrophenolicus AG31 T（AJ616763）

 Paeniglutamicibacter kerguelensis KGN15 T（AJ606062） 
 strain FR1

 Glutamicibacter mysorens LMG 16219 T（AJ639831） 
 Glutamicibacter soli SYB2 T（EF660748） 

 Glutamicibacter creatinolyticus JCM 19049 T（BAXF01000117）

 Arthrobacter woluwensis NBRC 107840 T （BCQN01000021） 
 Arthrobacter pascens DSM 20545 T（X80740） 

 Micrococcus terreus CGMCC 1.7054 T（jgi.1058018） 

 Aureibacillus halotolerans strain S1203 T (KJ620986) 

100 

86 
86 

70 

99 

86 

60 

73 

97 
59 

0.020 

Figure 1. Phylogenetic tree of the 16S rRNA genes of strain FR1 and its relatives.

3.2. Degradation of PAEs by Glutamicibacter sp. FR1

Strain FR1 maintained a strong capacity to degrade DBP in the range of 10–50 ◦C
(Figure 2A). The percentage of DBP degradation was approximately 100% at 10–40 ◦C,
with the maximum value of 99.55% being observed at 30 ◦C, indicating that strain FR1
has good degradation ability toward DBP at a wide range of temperatures. When the
temperature reached 50 ◦C, strain FR1 degraded less than 50% of the DBP. Therefore, 30 ◦C
is the optimal temperature for strain FR1 to degrade DBP. After the culture of strain FR1
in a TEM with different pH values, the DBP was degraded to varying extents (Figure 2B).
The degradation efficiency of DBP was poor at a pH of 3.0–5.0, with less than 10% of DBP
being degraded. When the pH reached 6.0, 99.53% of the DBP was removed. As the pH
increased from 7.0 to 11.0, strain FR1 exhibited a high degradation efficiency, and the DBP
was almost completely degraded. Thus, strain FR1 had a stronger ability to degrade DBP
at pH values of 6.0–11.0, with the optimal pH range being 6.0–11.0. We found that the
DBP was completely degraded at a salt concentration of 0–2% (Figure 2C). When the salt
concentration was 4%, 6%, and 8%, strain FR1 could degrade 98.41%, 97.38%, and 82.55%
of the DBP, respectively. These results suggest strain FR1’s excellent ability to degrade
DBP at salt concentrations of 0–8%. As the salt concentration increased from 10% to 18%,
strain FR1 maintained its DBP-degrading ability, with no more than 35.08% of the DBP
being removed. When the salt concentration reached 20%, DBP could not be degraded by
strain FR1.
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Figure 2. The degradation rate of DBP by strain FR1 under different temperatures (A), pH values (B),
and salinities (C) and for different substrates (D).

The degradation ability of FR1 toward different PAEs was investigated (Figure 2D).
After cultivation for 5 days, strain FR1 had completely degraded DPeP, DBP, DPrP, DEP,
and DMP, showing its strong degradation ability. The degradation percentage of BBP and
DHP was also maintained at high levels (97.78% and 77.26%, respectively). In general,
these kinds of PAEs (DHeP, DEHP, DOP, and DCHP) are difficult to degrade. However,
strain FR1 possesses a certain degradation ability toward DHeP, DEHP, DOP, and DCHP.
These results showed that strain FR1 had a stronger ability to degrade DPeP, DBP, DPrP,
DEP, DMP, and BBP than other substrates. In previous reports, a kinetic analysis under
different time periods was conducted to investigate the PAE degradation performance of
bacterial strains. However, some other reports have been degradation experiments at a
certain time point. Here, the latter experimental methods were adopted to examine the
PAE degradation performance of strain FR1. In the future, a detailed kinetic analysis will
be performed to better investigate the degradation efficiency.

3.3. Complete-Genome Sequencing and Genomics Analysis of Strain FR1

To investigate the genetic or molecular foundation of strain FR1 degrading DBP,
complete-genome sequencing was carried out. After genome sequencing, the high-quality
data generated by Illumina sequencing was 1,340,590,864 bp, and the data obtained by
PacBio third-generation single-molecule sequencing was 8,552,360,781 bp. After assembly
and correction, the complete genomic sequence was obtained. The genome of strain FR1
included one circular chromosome and three plasmids (Figure 3), with sizes of 3,404,214 bp,
112,089 bp, 80,486 bp, and 40,002 bp, and GC contents of 61.38%, 53.10%, 59.01%, and
58.43%, respectively. The genome size and GC content of FR1 were similar to those of
other strains of the genus Glutamicibacter. The sequences of the chromosome and three
plasmids were deposited in GenBank under the accession numbers CP178602, CP178603,
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CP178604, and CP178605, respectively. Based on gene prediction, the chromosome encodes
3238 protein genes across 2919117 bp. In addition, there were 7 genes of 5S rRNA, 6 genes
of 16S rRNA, 6 genes of 23S rRNA, 64 genes of tRNA, and 29 genes of ncRNA. The genome
characteristics and annotation information are summarized in Table S1.

 

Figure 3. The chromosome (A) and plasmids (B–D) of strain FR1.

To predict the function of protein-coding genes, genome annotation was conducted
(Figures 4 and S3–S5). In the chromosome, 2206, 700, and 2158 genes were related to
biological processes, cellular components, and molecular function, respectively, in the GO
database (Figure 4A). Among the genes for molecular function, 93 genes exhibited hydrolase
activity and possibly contained PAE hydrolases. The results of the COG annotation of
the chromosome showed 2749 genes with 20 classifications (Figure 4B). KEGG annotation
was carried out to systematically analyze the biological pathways, and 64 genes from
the chromosome were shown to be involved in the biodegradation and metabolism of
xenobiotics (Figure 4C). Based on the predicted pathways, strain FR1 may possess the
ability to degrade other pollutants such as benzoate, fluorobenzoate, toluene, and xylene.
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Figure 4. Cont.
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Figure 4. The functional annotation of genes from the chromosome in the GO (A), COG (B), and
KEGG (C) databases.

3.4. Key Genes Associated with PAE Degradation

PAE degradation usually needs hydrolases and dioxygenases for the breakage of ester
bonds and aromatic rings. In particular, the hydrolysis of PAE ester bonds is usually the
first step of degradation, during which the hydrolases, esterases, or carboxylesterases play
vital roles. According to the genome sequencing and annotation, two genes encoding PAE
hydrolases, DphGB1 and MphGB2, were predicted, which could hydrolyze two ester bonds
successively to produce PA. The phylogenetic analysis showed that DphGB1 belonged to
hydrolase family I (Figure 5A). According to the conserved sequences analysis, the catalytic
triad of DphGB1 was Ser75-Asp194-His221 (Figure S6).

To heterogeneously express DphGB1, the gene dphGB1 was cloned to pCold II and
induced in ArcticExpress (DE3). According to our SDS-PAGE analysis, a large amount of
proteins, with a molecular weight of about 30 kDa, which was similar to the theoretical size
of the recombinant protein DphGB1, were expressed under induction by IPTG (Figure 5B).
This result indicates that the hydrolytic enzyme gene dphGB1 was excessively expressed.
The protein DphGB1 was also included in the elution components, showing that DphGB1
was successfully purified. To verify the ability of DphGB1 to hydrolyze PAEs, the protein
DphGB1 was incubated with DEHP, and DEHP was significantly reduced (Figure 5C). This
result indicates that the enzyme DphGB1 has a strong hydrolytic ability toward DEHP.
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Figure 5. Sequence analysis and the identification of dialkyl PAE hydrolase DphGB1. (A) The phylo-
genetic analysis of DphGB1 and other hydrolases from family I–VIII and (B) SDS-PAGE detection
of DphGB1. Lane M, protein marker; lane 1, whole-cell lysate of ArcticExpress (DE3)-containing
gene dphGB1 without induction; lane 2, whole-cell lysate of ArcticExpress (DE3)-containing gene
dphGB1 after IPTG induction; lane 3, supernatant of sample lane 2; lane 4–6, recombinant DphGB1
after affinity purification. (C) HPLC analysis of DEHP hydrolyzed by DphGB1.
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The hydrolase MphGB2 contained 304 amino acids, had no signal peptide during
1–70aa (Figure S7), and is speculated to be an intracellular enzyme. The catalytic triad of
hydrolase MphGB2 was Ser113-Asp245-His282, based on sequence alignment (Figure S8).
The protein MphGB2 was also successfully expressed and purified (Figure S9). Based on
the result of the HPLC detection, we could see that MphGB2 could hydrolyze MBP to
produce PA (Figure S10).

3.5. The Interaction Between DphGB1 and DBP

The 3D structure of DphGB1 was modeled; it has nine alpha helices and six beta sheets
(Figure S11). The molecular docking was conducted to reveal the interaction between
residues on DphGB1 and DBP (Figure 6). The catalytic triad of the enzyme DphGB1, Ser75-
Asp194-His221, was shown. Hydrogen bonds were formed between the H atom of His221

and an oxygen atom of the DBP ester group (distance: 2.5 Å) as well as between the H atom
of Ser75 and another oxygen atom of the DBP ester group (distance: 2.0 Å). Additionally,
the direct interactions of residues such as Gly8, Gly9, Trp10, His74, Trp101, Leu113, Leu117,
Met121, Ile133, Leu139, Thr165, Trp169, Ser170, Ser196, and Leu222 with DBP were observed.
A strong hydrogen bond interaction (distance: 2.4 Å) was formed between the H atom of
Ser196 and the carbonyl oxygen atom of the DBP ester group.

Figure 6. Molecular interactions between DBP and DphGB1, depicting the catalytic triad and binding
residues. Atom color coding: in DBP, O is red, and C is green; in DphGB1, O is red, N is blue, S is
yellow, and C is gray.

4. Discussion
PAEs are refractory environmental pollutants that are difficult to degrade or reduce in

the environment, with microbial degradation being the main pathway for PAE removal.
Multiple bacterial strains have been reported to degrade or utilize PAEs such as Sphin-
gomonas [37], Gordonia [12], Bacillus [13], and Rhodococcus [16]. However, in recent years,
there have been few reports of Glutamicibacter degrading PAEs [38,39]. In this study, Glu-
tamicibacter sp. FR1 was isolated from sewage and was shown to be capable of efficiently
degrading PAEs. Thus, the acquisition of strain FR1 adds to the stock of PAE-degrading
bacteria. The genus Glutamicibacter is versatile in terms of degrading xenobiotic compounds.
Glutamicibacter nicotianae AT6 was capable of efficiently degrading the macrolide antibi-
otic tilmicosin [40]. The halotolerant strains Glutamicibacter spp. PB8-1 and BO25 were
capable of utilizing terephthalic acid, an important material for producing plastics such as
polyethylene terephthalate [41]. Glutamicibacter mishrai NJAU-1 could produce inulinases
and efficiently hydrolyze inulins and fructan 1-kestose [42].

The performance of PAE-degrading bacteria determines their remediation application.
While various bacteria have been reported to assimilate PAEs, many strains only degrade a
few kinds of PAEs. Burkholderia pyrrocinia B1213 isolated from soil degraded DEHP and
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DOP in an MSMY medium but showed no degradation capability toward DBP, BBP, DMP,
DPP, or DEP [43]. The PAE-degrading strain Pantoea dispersa BJQ0007 displayed a high
degrading ability toward DEHP but degraded DMP, DEP, DBP, and diisobutyl phthalate
(DIBP) at low efficiencies [26]. Pseudarthrobacter defluvii E5 completely degraded DMP,
DEP, and DBP during 48 h of incubation in MSM as well as 86.1% of DHXP and 65.3%
of DEHP [44]. In this study, strain FR1 exhibited the ability to degrade 11 types of PAEs,
demonstrating a broader substrate range. This strain completely or mostly degraded DPeP,
DBP, DPrP, DEP, DMP, BBP, and DHP and degraded DHeP, DEHP, DOP, and DCHP to some
extent. DBP and BBP are priority pollutants and are widely distributed in the environment.
The efficiency of PAE degradation by microbial strains is related to the side chains of
PAEs. The biodegradation of PAEs with various lengths of side chains indicates that
there are versatile PAE-degrading hydrolases in the bacteria. In strain FR1, there may be
different PAE-degrading hydrolases or hydrolases, with activities relating to several types
of PAEs. In terms of the substrate spectrum, strain FR1 was superior to the other strains
discussed here. Therefore, strain FR1 has great potential for environment bioremediation.
To systematically investigate the substrate scope and relative specificity of strain FR1, the
steady-state kinetics will be analyzed.

The environment’s adaptability affects the application of bacteria in environmental
remediation. The biodegradation rate of PAEs varies under different environmental condi-
tions such as different temperatures, pH values, and NaCl concentrations. While Gordonia
sp.GZ-YC7 degraded 100% of PAEs at 25 ◦C, 30 ◦C, and 37 ◦C, the degradation rate was
less than 40% at 15 ◦C and 45 ◦C [45]. In a previous study, Burkholderia pyrrocinia B1213
only degraded around 10% of PAEs at 50 ◦C [43] (Li et al., 2019), suggesting a low activity
of functional enzymes at high temperatures. Strain FR1 could adapt to a wide range of tem-
peratures and maintained its excellent degradation capability. In particular, this strain still
efficiently degraded DBP at relatively low and high temperatures, with degradation rates of
100% and more than 40% at 10 ◦C and 50 ◦C, respectively. Moreover, strain FR1 displayed
excellent degradation ability in environments ranging from weak alkalinity to acidity,
with an around 100% removal percentage of DBP at pH values of 6.0–11.0. The excellent
degradation performance of strain FR1 suggests outstanding environmental adaptability
and efficient degradability. In essence, strain FR1 might possess PAE-degrading enzymes,
which appear stable and active at a broad range of temperatures and pH values. To ensure
the accuracy of the degradation research, some experiments can be added in the future such
as (i) sterile abiotic controls, (ii) heat-killed biomass controls, and (iii) matrix blanks. The
degradation rate of DBP exhibited by strain FR1 was high at a salt concentration of 0–8%.
This strain also had some degradation ability at salt concentrations ranging from 8% to 18%,
indicating its adaptability to a wide range of salinities. The strains Arthrobacter sp. SLG-4
and Arthrobacter sp. C21 were not reported to degrade PAEs under high salinity [46,47].
The global average salinity of seawater is 3.5% [48]. Therefore, strain FR1 has application
potential in seawater remediation. Soil bioremediation with strain FR1 will be conducted
to assess PAE removal, mineralization, and bacterial community shifts.

Several PAE degrading enzymes and encoding genes have been identified. During
PAE biodegradation by bacteria, the hydrolases are responsible for the conversion of PAEs
to PA, and the pht and pca clusters transform PA into the TCA cycle. These clusters com-
prise the key point constituent dioxygenases, which are active in the cleavage of aromatic
rings [25,49]. The amino acid sequences of the proteins encoded by these two clusters
are highly conserved [49–52]. However, the sequence identity of the causal PAE hydro-
lases varies significantly, which has received more attention. At present, while several
PAE hydrolases have been reported, only the corresponding encoding genes of a limited
number of PAE hydrolases have been identified [16,23,24,53], which limits the elucidation



Processes 2025, 13, 3245 14 of 17

of the molecular catalytic mechanism of hydrolases. In recent years, the development of
sequencing and bioinformatics technology has contributed to the cloning of functional
genes. In this study, genome sequencing was carried out to investigate PAE hydrolases.
The hydrolases DphGB1 and MphGB2 are involved in the hydrolysis of the ester bonds
of PAEs. The genes dphGB1 and mphGB2 also exist in other strains of Glutamicibacter or
Arthrobacter [51]. The molecular catalytic mechanism of hydrolase DphGB1 was validated
by molecular docking. Subsequently, the enantioselectivity or regioselectivity of the hy-
drolysis reaction involving enzyme DphGB1 will be conducted. These results provide
genomic information on strain FR1 and lay the foundation for understanding the molecular
mechanism of PAE degradation.

5. Conclusions
PAEs have become the most commonly used plasticizers and contaminants. In the

present study, Glutamicibacter sp. FR1 was isolated and exhibited a high degrading effi-
ciency toward PAEs. It could effectively degrade DBP in the environment of 10–50 ◦C,
pH of 6.0–11.0, and 0–8% salinity. In addition, strain FR1 had a broad substrate spectrum
and could degrade 11 kinds of PAEs, achieving a degradation percentage of 100% for DPeP,
DBP, DPrP, DEP, and DMP. According to our complete-genome sequencing and annotation,
the PAE hydrolase genes dphGB1 and mphGB2 were predicted, and their function in PAE
hydrolysis was verified. This research thoroughly investigated the degradation character-
istics and molecular degradation mechanism of strain FR1. In the future, we will carry
out efficient PAE degradation using strain FR1 and PAE hydrolases for the remediation of
farmland soil that has been contaminated with PAEs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pr13103245/s1: Table S1: The genome characteristics of Glutami-
cibacter sp. FR1; Figure S1: Strain FR1 on the TEM agar plate containing DBP; Figure S2: The HPLC
profile of DBP degraded by strain FR1 compared with the control; Figure S3: The functional annota-
tion of genes from plasmid1 in database GO (A), COG (B), and KEGG (C); Figure S4: The functional
annotation of genes from plasmid2 in database GO (A), COG (B), and KEGG (C); Figure S5: The func-
tional annotation of genes from plasmid3 in database GO (A), COG (B), and KEGG (C); Figure S6: The
sequence alignment showing the catalytic triad (Ser75-Asp194-His221) of DphGB1 by pentastar;
Figure S7: The signal peptide prediction of MphGB2; Figure S8: The sequence alignment showing the
catalytic triad (Ser113-Asp245-His282) of MphGB2 by pentastar; Figure S9: The SDS-PAGE analysis
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