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Abstract 

The continuous use of Di(2-ethylhexyl) phthalate (DEHP) in plastic products turns it 

into a ubiquitous contaminant in the environment. However, DEHP can cause harm 

to human beings, wildlife, and ecosystems due to its estrogenicity and toxicity. Thus, 

finding an efficient approach to removing this contaminant from the environment is 

crucial. The present study aimed to prospect and characterize a bacterial consortium 

(MP001) isolated from a neotropical mangrove for DEHP bioremediation. A labora-

tory experiment was performed with environmentally relevant DEHP concentrations 

(0.05, 0.09, 0.19, 0.38, 0.75, 1.50, 3.00, and 6.00 mg L-1) to determine the consortium 

resistance to this contaminant and high-throughput sequencing was accomplished 

to assess the bacterial composition, diversity, and potential ecological function of 

consortium MP001. The consortium MP001 presented a significant biomass increase 

throughout short-term incubations with increasing concentrations of DEHP (GLMs, 

p< 0.001). MP001 was constituted by Paraclostridium sp. (78.99%) and Bacillus sp. 

(10.73%). After 48 h of consortia exposure to DEHP, the bacterial population changed 

to Paraclostridium (50.00%), Staphylococcus sp. (12.72%), Staphylococcus epi-

dermidis (10.40%) and Bacillus sp. (17.63%). In the negative control, the bacteria 

community was composed of Paraclostridium sp. (54.02%), Pseudomonas stutzeri 

(19.44%), and Staphylococcus sp. (11.97%). The alpha diversity of the MP001 con-

sortium was not significant (Kruskall-Wallis; p > 0.05), and no significant difference 

was found between the DEHP treatment and the negative control. Furthermore, the 

potential ecological function found in the consortium MP001 with higher potential for 
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application in bioremediation purposes was fermentation. The results found in this 

study highlight the potential of a bacterial consortium to be used in the bioremedia-

tion of DEHP-contaminated aquatic environments.

Introduction

Phthalate esters (PAEs) are a group of synthetic organic compounds that have 
become one of the most common pollutants in the world [1]. The global annual 
production of PAEs has been estimated at 5.5 million tons [2]. This large number 
of PAEs is used to enhance the flexibility and durability of polyvinyl chloride (PVC) 
plastics and are found in several products, including automotive, electrical, and med-
ical devices, personal care products (PCPs), cosmetics, and food packages [3–5]. 
Due to the low cost and versatility, the most widely used PAE in manufacturing is the 
Di(2-ethylhexyl) phthalate (DEHP) [3]. The use of DEHP has been increasing and 
the global market of DEHP, which reached US$ 9.1 billion in 2022, is expected to 
expand by 4.1% from 2023 to 2031, reaching US$ 13.1 billion [3,6]. DEHP is used in 
plastic products as a chemical additive; thus, it is not covalently bound into polymer 
matrices and can migrate to the surrounding environment [7–8]. DEHP has already 
been found at environmentally relevant concentrations in several environments, 
including air, soil, sediment, and water [e.g., 2, 9–11]. Notwithstanding, this com-
pound accumulates in the sediments rather than in surface waters [12–13]. Indeed, 
DEHP was detected in nine coastal and marine sediments of coastal areas of Rio de 
Janeiro (Brazil) [14].

Pollutants accumulate more easily in mangrove ecosystems than other coastal 
environments because of their unique geochemistry. Mangroves are a transitional 
coastal ecosystem between terrestrial and marine environments frequently exposed 
to contamination from river water, tides, and surface runoff [15]. Besides, mangrove 
sediment is rich in organic matter (OM) that is known to be associated with lipophilic 
organic contaminants, such as DEHP [16]. Thus, mangrove sediments could be a 
reservoir of DEHP and a secondary source of pollution of this compound [13,15]. 
However, DEHP is a hazardous compound known as an endocrine disruptor [17]. 
Because of their estrogenicity, teratogenicity, mutagenicity, and carcinogenicity, 
DEHP was listed as a priority pollutant by the United States Environmental Protec-
tion Agency [18], the European Union [19], and the China National Environmental 
Monitoring Center [20]. DEHP can also induce disrupting endocrine effects, oxidative 
stress, metabolic disorders, and toxicity to wildlife [15,21–27]. Because of the harm 
that DEHP can cause to humans and the environment, it is crucial to find an efficient 
approach to eliminate this pollutant from the environment.

An efficient, eco-friendly, and economical technology to remove or reduce pol-
lutants from the environment is bioremediation. Bioremediation is an approach 
that uses biological systems, mainly microorganisms, to degrade contaminants 
[28–29]. Among them, bacteria are the most promising in the degradation, which 
occurs when they use pollutant molecules as energy and carbon sources for growth 
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[29–31]. Isolated bacterial strains have been reported as able to degrade DEHP [e.g., 31–38]. Nevertheless, bacterial con-
sortiums can be more effective in degradation than isolated strains [39–40]. The co-metabolism and interaction between 
the species improve degradation capability and resistance to environmental pollutants. Thus, pollutant degradation can be 
remarkably effective when carried out by bacterial communities of consortiums [39–41]. Mangrove microbial communities 
play a crucial role in the biogeochemical and nutrient cycles and can change in the presence of pollutants, holding great 
potential for biodegradation of contaminated sites [42–44]. However, despite the detection of DEHP in Avicennia schaue-
riana, a typical mangrove tree found in Brazilian ecosystems [45], there is no data of a neotropical consortium able to be 
used in the DEHP bioremediation.

Therefore, this study focused on isolating a bacterial consortium with biotechnological potential for DEHP bioreme-
diation from an impacted mangrove area. The analysis aimed to assess the bacterial resistance to DEHP, the shifts in 
microbial diversity from samples exposed to DEHP, and the implications on their potential ecological functions. This 
research represents a critical step toward developing an eco-friendly biotechnological solution using mangrove sediment 
bacteria for DEHP degradation, contributing to mitigating its harmful effects on aquatic ecosystems and promoting health-
ier environments.

Materials and methods

Chemicals

The solution of DEHP was purchased from Sigma-Aldrich, USA (purity 98%; CAS number: 117-81-7; EC number: 204-
211-0). A stock solution was prepared diluting the commercial solution of the compound in distilled water to reach the con-
centration of 40 mg L-1. The stock solution was conditioned in a glass flask, previously decontaminated using methanol, 
and stored at room temperature in the dark until experiments.

Sampling and consortium isolation

The consortium was previously isolated from the superficial sediment of the Magé mangrove, located in Rio de Janeiro 
state (22°43’14“S e 43°11’20” W). The sampling station in the mangrove was chosen because it is surrounded by Guana-
bara Bay, a bay with a strong anthropogenic impact (Fig 1) [46]. For that, 10 g of the sediment was transferred to 100 mL 
of the culture medium containing: beef extract (3 g L-1), beef peptone (5 g L-1), sodium chloride (NaCl, 30 g L-1), and sodium 
phosphate dibasic (Na₂HPO₄, 1 g L-1), and incubated at 37°C. After the isolation, the consortium was enriched with 1 mL 
petroleum for previous experiments [47] and denominated consortium MP001. Aliquots of MP001 were preserved using 
glycerol 30% in the same proportion of consortium (1:1), and they were kept frozen (-20°C) for posterior incubations.

Bacterial inoculum preparation

For each experimental trial, a bacterial inoculum was prepared with MP001 consortia grown in TSB media (casein pep-
tone (17g L-1), soy peptone (3g L-1), dextrose (2.5g L-1), sodium chloride (NaCl, 5g L-1), and dipotassium phosphate 
(K₂HPO₄, 2.5g L-1)). The consortium was harvested by centrifugation (Fanem excelsa II) at 4,300 rpm for 15 min at room 
temperature and washed once with a 0,9% saline buffer to remove impurities. 20 mL of saline buffer was added to the 
pellet and homogenized in a vortex for 30 seconds. Before each assay, the cell density of the bacterial inoculum (1 mL) 
was estimated using the McFarland scale (Probac), and bacteria biomass was measured through absorbance analysis 
(600 nm) using a Trilogy Laboratory Fluorometer (Turner Designs).

DEHP resistance assays

The consortium MP001 was exposed to eight DEHP concentrations (0.05, 0.09, 0.19, 0.38, 0.75, 1.50, 3.00, and 6.00 mg 
L-1) to assess microorganisms’ resistance to the contaminant. Exposure concentrations were prepared by serial dilutions 
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of the stock solution (40 mg L-1) using a mineral salt medium (MSM). This poor nutrient media allows DEHP to be the sole 
carbon source in the medium. Concentrations were chosen based on environmentally relevant concentrations and toxicity 
tests using aquatic species (e.g., EC

50,48h
 Daphnia magna: 0.16 mg L-1 - ECOTOX Database; EC

50,72h
 microalga Pseu-

dokirchneriella subcapitata: 0.003 mg L-1 - OECD Test Guideline 201).
The treatments were performed in three replicates of 125 mL Erlenmeyers containing 1 mL of the bacterial inoculum 

(approximately 2.7 x109 cells mL-1) and 14 mL of exposure concentrations: 0.05; 0.09; 0.19; 0.38; 0.75; 1.50; 3.00 and 
6.00 mg DEHP L-1. Three negative control replicates were prepared with MSM and the bacteria inoculum, and a blank con-
trol was prepared with MSM bacterial-free. The experiment was carried out in the incubator (SolidSteel) at 35°C ± 1, and 
aliquots (1 mL) of treatments were taken at 24, 48, 72, and 96 h. The aliquot absorbance (600 nm) was measured using a 
Trilogy Laboratory Fluorometer (Turner Designs) to detect changes in bacterial biomass.

Identification and characterization of DEHP-resistant microorganisms

A subsequent laboratory experiment was performed to identify the composition of the consortium MP001 and character-
ize the microorganisms resistant and with the potential to degrade the DEHP. A volume of 1 mL of the MP001 consortium 
(approximately 2.7 x109 cells mL-1) was added to 125 mL Erlenmeyers with 10 mL of MSM spiked with 0.38 mg L-1 of DEHP 

Fig 1.  Geographical location of the Magé mangrove in Rio de Janeiro, Brazil. Sampling site is indicated in the map by the green ellipse.

https://doi.org/10.1371/journal.pone.0320579.g001

https://doi.org/10.1371/journal.pone.0320579.g001
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as the sole carbon source. DEHP concentration was chosen based on the results of the DEHP resistance assays (section 
2.4). Additionally, Erlenmeyers only with MSM and DEHP served as a negative control for microorganisms. The exper-
iment was performed in duplicate and carried out in the incubator (SolidSteel) at 35°C ± 1 for 48 h. After 48 h, the total 
volume of the Erlenmeyers was centrifuged at 4,300 rpm for 15 min at room temperature, washed once with 0,9% saline 
buffer, and placed in 15 mL Falcons for further high-throughput sequencing.

Sample sequencing and bioinformatic

For DNA sequencing, 25 mL of the culture medium was centrifuged at 4,000g. The pellets were used as a source of total 
DNA. The extraction was performed using the DNeasy PowerSoil kit (Qiagen®) following the manufacturer’s recommen-
dations. Qualitative verification of the extracted DNA was conducted by agarose gel electrophoresis (1%) (Thermo Fisher 
Scientific™). Libraries were constructed using the Illumina 16S Metagenomic Sequencing Library Preparation protocol 
(Illumina, San Diego, CA, USA). Amplification of the V3 and V4 regions of the 16S ribosomal gene was achieved through 
polymerase chain reaction (PCR) for bacterial and archaeal identification, using the universal primer pairs S-D-Bact-
0341-b-S-17 and S-D-Bact-0785-a-A-21 [48]. Amplicon fragment sizes were assessed by capillary electrophoresis using 
Agilent 4200 TapeStation (Agilent Technologies, Santa Clara, CA, USA) to ensure quality. Subsequently, samples were 
purified using the Agencourt AMPure XP Kit (Beckman Coulter, Inc., Brea, USA), following the manufacturer’s instructions. 
Indexes were then added to each sample through PCR Indexing using the Nextera XT Library Preparation Kit indexes 
(Illumina, San Diego, CA, USA). Afterward, samples were purified and quantified as described above. Libraries were stan-
dardized to a concentration of 2 nmol L-1 for genomic pool preparation following the 16S metagenomic sequencing library 
preparation protocol (Illumina, San Diego, CA, USA). Paired-end sequencing was performed on the Illumina NexSeq 2000 
platform using the NextSeq 1000/2000 P2 Reagent Kit (600 Cycles) sequencing kit.

Bacterial identification employed the PIMBA pipeline [49], a pipeline based on the QIIME (Quantitative Insights Into 
Microbial Ecology) pipeline (Caporaso et al., 2010). Initially, sequences were trimmed and quality-filtered (Phred >20) 
using Prinseq [50]. Subsequently, sequences were assembled using the Pear assembler [51]. To improve the quality of 
the metabarcoding, all sequences shorter than 100 bp were filtered and sequences with >97% similarity were grouped into 
Amplicon Sequence Variants (ASV) using Swarm 2 [52]. The taxonomy of the ASV was determined by comparing them 
with sequences available in SILVA132 database [53].

Potential physiology analyses were conducted using 16S rDNA sequencing data. ASV relative abundance and tax-
onomy data were fed into the FAPROTAX 1.2.6 - Functional Annotation of Prokaryotic software [54]. The FAPROTAX 
application converts taxonomic profiles of the microbial community into functional profiles, providing information about the 
microbial community’s different metabolic stages, both active and latent. Thus, it does not assess the actual function at the 
time of sampling, but rather the potential function. All analyses and graphs were generated using the R software version 
4.1.2 [55] with the Phyloseq package [56].

Statistic

Generalized Linear Model (GLM) was applied to the absorbance data obtained in the DEHP resistance assays to test the 
effects of concentration, time, and concentration*time interaction. When a significant result was obtained in the GLM, the 
Tukey test was applied a posteriori. Data was previously tested for the parametric assumptions - normality and homo-
geneity of variances - using the Kolmogorov-Smirnov and Levene tests, respectively, and the analyses were performed 
using the software Statistica 10 (StatSoft).

A Kruskall-Wallis test was performed using the R software version 4.1.2 to measure the differences between the diver-
sity indices of the MP001 inoculum, the DEHP treatment, and the control, and determine the influence of DEHP in the 
consortium MP001. The Statistical significance was determined by p-value < 0.05.
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Results

DEHP resistance of bacterial consortium MP001

The in vitro response of the MP001 consortium revealed a significant tendency of bacterial biomass increase concern-
ing the negative control, throughout short-term incubation with DEHP (Fig 2). Increases in bacterial biomass induced by 
DEHP, in proportion to negative control, were more pronounced after 48–96 h of incubation showing mean values higher 
than control (Fig 2). A significant time (GLM, F

3,72
= 15.07, p < 0.0001) and DEHP concentration (GLM, F

8,72
= 11.46, p < 

0.0001) effect was found on bacterial biomass. However, no significant effect of the interaction time*concentration was 
detected on bacterial biomass (GLM, p= 0.09)

Characterization of consortium MP001

Pronounced increases in bacterial biomass were detected after 48h of incubation concerning the negative control. 
Thus, the concentration of 0.38 mg L-1 was chosen to be used in the further experiment to characterize changes in the 

Fig 2.  Variations in bacterial biomass from the consortium MP001 exposed to eight different concentrations of DEHP at 24, 48, 72, and 96 h (A, 
B, C, and D, respectively). Data are shown as mean values of absorbance in independent replicates (n= 3) corrected by the absorbance in negative 
controls ± standard deviation. The red dashed lines indicate 100% compatibility between the absorbance measured in aliquots obtained in treatments 
with DEHP and negative controls.

https://doi.org/10.1371/journal.pone.0320579.g002

https://doi.org/10.1371/journal.pone.0320579.g002
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diversity, ecological function, and composition of the consortium MP001 after exposure to DEHP using high-throughput 
sequencing.

Composition of the consortium MP001 and prospection of microorganisms to DEHP degradation.  The same 
sequencing accomplished to characterize the consortium MP001 was used to elucidate its composition, before and after 
DEHP exposure, and ASVs were classified at height level up to species. In the inoculum of the MP001 consortium, the 
phylum Firmicutes was predominant (Fig 3A). Paraclostridium sp. was the most abundant species (78.99%), and Bacillus 
sp. was also observed (10.73%) in the consortium MP001 inoculum (Fig 3B). In the negative control, Paraclostridium 
sp. (54.02%), Pseudomonas stutzeri (19.44%), and Staphylococcus sp. (11.97%) were the dominant species and in 
the DEHP treatment were found the species Paraclostridium (50.00%), Staphylococcus sp. (12.72%), Staphylococcus 
epidermidis (10.40%) and Bacillus sp. (17.63%). Although not significant, the relative abundance of Pseudomonas stutzeri 
and Paraclostridium sp. had decreased (19.44% and 4.02%, respectively) whereas that of Bacillus sp., Staphylococcus 
epidermidis, and Staphylococcus sp. increased (17.63%, 10.40%, and 0.75%, respectively) in the treatment with DEHP 
compared to the negative control (Fig 3B).

Diversity of the consortium MP001 before and after DEHP exposure.  The alpha diversity metrics Chao 1 and 
Shannon indices were used to assess richness and evenness within and between the samples from the MP001 inoculum, 
the DEHP treatment, and the negative control (Fig 4). The consortium MP001 diversity represented by the inoculum 
was not substantial (Kruskall-Wallis; p > 0.05). In addition, the difference between the diversity of microorganisms in the 
treatment with DEHP and the negative control was not significant (Kruskall-Wallis; p > 0.05)

The potential ecological function of the consortium MP001 before and after DEHP exposure.  The cluster 
analyses obtained by the ward.D2 method were performed to assess the ecological functions of the consortium MP001, 

Fig 3.  Bacterial composition of consortium MP001 at the phylum (A) and species (B) level in the MP001 inoculum, negative control, and DEHP 
treatment after 48 h of DEHP exposure.

https://doi.org/10.1371/journal.pone.0320579.g003

https://doi.org/10.1371/journal.pone.0320579.g003
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and the differences between microorganisms from the MP001 inoculum, DEHP treatment, and negative control (Fig 5).  
Basically, the principal element used by the bacterial consortium was nitrogen. The main potential ecological function 
observed was fermentation, which is one of the two ways that chemoheterotrophy is responsibly done through energy 
production. The potential ecological functions were more intense in the DEHP treatment, and an increase of approximately 
30% and 10% was observed, respectively, from the inoculum and from the negative control to the DEHP treatment (Fig 5).

Discussion

DEHP resistance of bacterial consortium MP001

Anthropogenic activities have significantly impacted coastal and marine environments. Urbanization, shipping, industrial, 
and petrochemical activities contribute to high concentrations of pollutants in marine sediments [14]. This is also true 
for Brazil; oil spills, plastic debris, and untreated sewage discharges have historically affected Rio de Janeiro’s coast 
and Guanabara Bay, significant sources of phthalate DEHP for the sediments. In previously published studies, DEHP 
concentrations were noted at 2.7 x 10-5 mg g-1 at the bottom of Guanabara Bay, where the Magé mangrove is located, 
and 6.90 x 10-5 mg g-1 near Governador land [57]. In the water, concentrations were found at 2.83 x 10-5 mg g-1 (Santos 

Fig 4.  Alpha diversity of the MP001 inoculum, negative control, and DEHP treatment observed (A) and measured by the Chao 1 (B), Shannon 
(C), and Simpson (D) indices after 48 h of DEHP exposure.

https://doi.org/10.1371/journal.pone.0320579.g004

https://doi.org/10.1371/journal.pone.0320579.g004
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Dumont Airport, in downtown Rio de Janeiro) and 3.8 x 10-5 mg g-1 (in the center of the bay, near the Rio-Niterói bridge) 
[57]. These DEHP concentrations are considered small compared to other areas where industrialization occurred faster. 
For example, in Korea, the concentrations ranged from 3.6 x10-3 to 8.3 mg L-1 (sediment Lake) [58]. In coastal areas from 
the Persian Gulf, DEHP ranged from 1.99 x 10-3 to 1.0 x 10-1 mg g-1 in the sediment [59] and from 5.71 to 18.51 x 10-3 mg 
L-1 in the seawater [60]. In the Mediterranean Sea, DEHP was observed from non-detected values to 1.68 x 10-1 mg L-1 
[61]. Although lower, this is a warning that DEHP is ubiquitous in industrialized areas, and bioremediation processes and 
searches for bioremediation tools should be encouraged.

The MP001 consortium is an interesting candidate to be used in the phthalate DEHP bioremediation. It was exposed to 
DEHP and grew using this toxic compound as a carbon and energy source for biomass increase in short-term incubations, 
independently of toxicant concentration. From 48 to 96 h of incubations, in all the concentrations, the bacterial biomass 
was higher in the consortium exposed to DEHP than in negative controls. Finding consortiums able to resist and degrade 
DEHP can be critical to eradicating this compound and its harmful environmental effects [41,62,63]. DEHP is a pollutant 
that induces disruptive endocrine effects and is already ubiquitous in aquatic systems worldwide, highlighting the impor-
tance of biological approaches to eliminate this compound from the environment [4]. The bioremediation using bacterial 
consortium was demonstrated to be greatly efficient for contaminant removal [40,41,62,63]. Thus, the results obtained 
here highlight that a bacterial consortium (MP001) isolated from a neotropical mangrove has the potential to be an eco-
friendly alternative to DEHP bioremediation, reinforcing the need for further complementary studies using this inoculum to 
confirm its usefulness for DEHP remediation.

Although the DEHP concentrations after the consortium MP001 exposure and biodegradation rates should be eval-
uated, the resistance and growth of bacteria in the consortium seem to indicate the consortium’s degradation process 
during the short-term incubation. It is important to highlight that no other source of carbon and energy besides DEHP 
was added to the mineral medium with the inoculum, and all analyses were performed using the initial inoculum and/or 
the negative control (without the contaminant) for comparisons. A previous study demonstrated that another consortium, 
isolated from activated sludge, was able to degrade more than 93.84% of 1,000 mg L-1 DEHP in 48 h [62]. The CM9 con-
sortium only in 24 h could degrade 76.89%, 87.86%, 92.82%, 98.25%, and 98.34% of 5, 10, 20, 50, 100, and 200 mg L-1 of 

Fig 5.  Potential ecological functions of the MP001 consortium inoculum, negative control, and DEHP treatment after 48 h of DEHP exposure. 
The percentages are the relative contribution of the consortium to the biogeochemical cycle and ecological functions and are indicated by the gradient of 
colors.

https://doi.org/10.1371/journal.pone.0320579.g005

https://doi.org/10.1371/journal.pone.0320579.g005
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DEHP, respectively [41]. Posteriorly, the CM9 consortium completely degraded the DEHP in 72 h of incubation [41]. Sim-
ilarly, in 3 days, the consortium An6, composed of Gordonia sp. and Pseudomonas sp., degraded 97.65% of 500 mg L-1 
DEHP [63]. The degradation rate of the Rhodococcus pyridinivorans XB, a facultative anaerobic strain isolated from active 
sludge, was estimated at 98.95% within 48 h [64]. The strain Gordonia terrae RL-JC02 also could completely degrade 
50 mg L-1 of DEHP within three days [38]. Thus, these significant degradation rates in periods similar to the incubations 
performed with the consortium MP001 suggest that short-term incubations efficiently demonstrate the ability of microor-
ganism consortiums to resist DEHP exposure and degrade. Furthermore, these findings reinforce that the MP001 con-
sortium could use DEHP as a growth substrate and, perhaps, degrade it. Indeed, a bacterial community from a mangrove 
rhizosphere has already been found to accelerate DEHP degradation [44].

The most studied bacterial resistance is antibiotic resistance (AR) because of the global health problem of antimi-
crobial resistance genes (ARGs) [65]. However, in the environment, bacteria are exposed to several chemical pollut-
ants and could develop mechanisms to tolerate not only one pollutant, but also a mixture of them [66]. This resistance 
process would be driven by co-selection, which is known as the selection and expression of two or more genes, even 
when exposed to only one selective trigger or stressor [67–68]. In the present study, the MP001 consortium was able to 
resist DEHP exposure at different concentrations, including environmentally relevant ones (i.e., that had already been 
detected in aquatic systems). Thus, we hypothesized that the MP001 resistance could be the outcome of the mentioned 
co-selection mechanisms for bacterial resistance given that Firmicutes, the phylum predominant in the MP001 consortium, 
is one of the major phylums responsible for dissipation, maintenance, and propagation of ARGs [68]. In addition, bacteria 
carrying ARGs have already been found in Guanabara Bay [69], the bay that surrounds the mangrove where the MP001 
consortium was isolated, which is a source of chemical contamination to the mangrove [70], which probably influences 
their bacterial composition.

Characterization of consortium MP001

Composition of the consortium MP001 and prospection of microorganisms to DEHP degradation.  Regarding 
the bacterial composition, Firmicutes were the phylum more abundant in the MP001 consortium and it also increased 
in DEHP treatment compared to negative control, although Firmicutes are rarely found as a dominant group in natural 
samples [71]. Similarly, Firmicutes were the dominant group in the most polluted site among sediment samples from a 
China river [72]. In contaminated soils, Firmicutes biomass was found to increase in treatments with 10 and 40 mg L-1 of 
DEHP sediment when compared to control [73]. Microbial composition can be affected by the presence of contaminants 
[44,72,74,75] and the composition of indigenous bacterial communities can be simplified after PAE exposure [30]. Thus, 
in agreement with previous studies, the increase in the relative abundance of the Firmicutes group from the MP001 
consortium when exposed to DEHP seemed to be induced by the contaminant, suggesting this group was highly tolerant 
to this PAE and an opportunist bacterial group in environments contaminated with DEHP.

Proteobacteria is one of the most dominant phylum in wetland sediments [43]. Furthermore, an increase in Proteobac-
teria was reported in experimental assays with DEHP presence [41,76]. Contrarily, in the present study, Proteobacteria 
was slightly found in MP001 inoculum (i.e., initial microorganisms) and decreased in the DEHP treatment, despite being 
present in the negative control. Proteobacteria include chemical oxygen demand (COD) bacteria [76], which may explain 
the low presence of this group in a consortium isolated from an environment with anoxic conditions, such as mangrove 
sediment [43]. In addition, the fermentative function was detected in bacteria from DEHP treatment, a degradation process 
played by anaerobic bacteria, which is not found in the Proteobacteria group.

The most abundant genus found in consortium MP001 inoculum, DEHP treatment, and negative control was Paraclos-
tridium. Paraclostridium is an obligate anaerobe, gram-positive bacteria producer of endospores belonging to the phylum 
Firmicutes, class Clostridia, and family Peptostreptococcaceae [77]. The family Peptostreptococcaceae is distributed 
from humans to several environmental habitats, including oil mills, gut microbiota, sludge, contaminated water, marine 
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sediment, feces, sugarcane bagasse, and fermented food [77–79]. The genus Paraclostridium has two species described: 
P. benzoelyticum and P. bifermentans. Paraclostridium bifermentans is often associated with infectious diseases; however, 
these bacteria are rare human pathogens and can have other roles [77]. Paraclostridium was reported as able to degrade 
environmental pollutants [80–83]. For example, the removal of the antibiotic Ciprofloxacin (CIP) was increased by Para-
clostridium sp. strain S2, when the genus was used as bioaugmentation in a bioreactor [81]. Because the mangroves from 
where MP001 was isolated receive contamination from the surrounding land and Guanabara Bay waters [70], it is possible 
that indigenous microorganisms from that environment were under selective pressure and developed strategies to resist 
and degrade certain pollutants. Therefore, due to its resistance to pollutants, Paraclostridium might be the most abundant 
genus in the consortium MP001.

The genus Bacillus was also found in the MP001 consortium, and its relative abundance increased in DEHP treatment 
compared to the negative control. Similarly, DEHP exposure has been reported to increase the relative abundance of 
Bacillus members found in bacterial consortiums [30]. Bacillus species have been reported as biofilms producers [84–85]. 
The biofilm formation occurs in response to the operon genes SurfA. This gene is essential for surfactin synthase, a 
signaling molecule that triggers Quorum sensing (QS) and stimulates responses of subpopulations to environmental 
stress, including biofilm formation [85]. Biofilms are composed of microbial cells associated with a self-produced extra-
cellular matrix that provides resistance to biotic factors and chemical pollutants [68]. This strategy is considered one of 
the co-screening mechanisms for bacterial resistance, which is established by the improvement of the media for bacterial 
signal transduction and genetic exchange [66,68,86]. Due to the Bacillus presence in the MP001 consortium, this shield-
ing might be one of the reasons for the MP001 growth and resistance to DEHP.

The Bacillus growing in DEHP treatment could also indicate a capacity for DEHP degradation. Bacillus was the most 
abundant genus on 4th day of DEHP degradation by a marine sediment consortium [87]. In another study, the three better 
strains capable of DEHP degradation in mangrove sediment belonged to the genera Bacillus [88]. It was also suggested 
that the Bacillus members responsible for DEHP degradation were facultative anaerobes [89]. Moreover, the esterase 
gene encoding enzymes involved in DEHP degradation was promoted in the microbial community of anaerobic soil con-
taminated with DEHP [90]. Since mangroves can be an anaerobic environment [43], it is possible that the degradation 
could be accomplished by facultative anaerobic Bacillus in the MP001 consortium.

The Staphylococcus epidermidis and Staphylococcus sp. also increased in DEHP treatment compared to the neg-
ative control. The genus Staphylococcus is well-known as an infectious bacterium [91]. Specifically, Staphylococcus 
epidermidis is a colonizer of human skin and the main responsible for nosocomial infections [92]. However, it is sug-
gested that the molecular determinants that promote evasion by S. epidermidis lead it to cause disease to have original 
functions in the non-infectious lifestyle of this bacteria [92]. S. epidermidis is a biofilm producer with specific proteins 
to adhere to surfaces, such as MSCrAMMs (microbial surface components recognizing adhesive matrix molecules), 
and also synthesize a poly-N-acetylglucosamine (PNAG) that surrounds and connects S. epidermidis cells in a biofilm 
[92]. It also bears genes that promote protection against adverse environmental conditions [92]. Moreover, S. epider-
midis was reported as able to remove the contaminant triphenylmethane dyes [93]. Indeed, some bacteria from the 
genus Staphylococcus can degrade environmental contaminants, such as surfactants, pesticides, and mainly polycyclic 
aromatic hydrocarbons (PAHs) [94–99]. For instance, Staphylococcus sp. strain DAB-1W could degrade the insecti-
cide lindane, an organochlorine compound, at a rate of 15% and 98% in 2 and 8 days, respectively [100]. The strain 
S. haemoliticus 10SBZ1A degraded in saline conditions about 80% of 20 μmol/L of benzo[a]pyrene (BaP) in 25 days 
[98]. The degradation of PAH with high molecular weight, for example, the BaP, may indicate the capability of Staphylo-
coccus to degrade DEHP, a PAE with a longer alkaline chain [36,38] Furthermore, the degradation in saline conditions 
was achieved because Staphylococcus, including S. epidermidis [92], is a halotolerant bacterium [91]. This salt-tolerant 
characteristic could benefit the presence of this genera in the mangrove ecosystem that receives marine water and, 
hence, in the MP001 consortium.
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The degradation capability of Staphylococcus and Staphylococcus epidermidis might also be influenced by its ability 
to resist chemical exposure obtained from resistance genes. Staphylococcus bears mobile genetic elements, including 
the staphylococcal cassette chromosome mec (SCCmec), a mobile genetic element from the genera [101]. SCCmec 
carries the mec gene (mecA, mecB, and mecC) and the genes that control their expression. Besides, it is formed by three 
regions: the ccr gene complex, the mec gene complex, and the joining region (J region). In the ccr gene complex can be 
inserted multiple antibiotics and heavy metal-resistant genes [101]. It is also integrated into the chromosome of Staph-
ylococcus strains, making possible the change of genetic information between Staphylococcus strains to adapt to the 
environmental stress and the pressure of antibiotics [101]. Staphylococcus epidermidis carries the SCCmec, which holds 
ten different SCCmec structures and is a great reservoir of antibiotic-resistance genes [92]. Therefore, it is likely that other 
resistant genes of Staphylococcus were inserted in the ccr gene complex and conferred resistance to other pollutants, 
such as DEHP.

A decrease in Pseudomonas stutzeri was also observed in the DEHP treatment compared to the negative control. 
Pseudomonas is a group already found capable of degrading pollutants [102–103], and Pseudomonas strains were found 
to degrade DEHP [35,63]. Three strains of this group — Pseudomonas sp. PKDM2, Pseudomonas sp. PKDE1, and 
Pseudomonas sp. PKDE2 —degraded 500 mg L-1 of DEHP [35]. In contrast, the strain P. fluoresences FS1 degraded less 
than 20% of 100 mg L-1 DEHP in 3 days [36]. Nevertheless, all these Pseudomonas sp. strains degrade more efficiently 
short-chain PAEs than longer-chains, such as DEHP [35, 36]. Despite that, DEHP was highly degraded (97.65%) when a 
Pseudomonas strain — P. putida ShA — was in a consortium with other bacteria efficient in degrading long-chain PAEs 
[63]. Some microorganisms can not tolerate the toxicity of some pollutants to persist alone, but they can when the com-
pound is metabolized to a less toxic intermediate by a syntrophic microorganism [39]. Besides, they can use the metab-
olites as substrate resulting in the total mineralization of the pollutant [39]. This highlights the importance of consortiums 
in the degradation process of chemical contaminants. Indeed, Pseudomonas have been found in consortiums efficient in 
pollutant-degrading [104–107], including together with Staphylococcus, the other genera also found in the MP001 consor-
tium [108]. Therefore, the P. stutzeri decrease in the MP001 consortium could indicate their low resistance to DEHP, but 
with the other bacteria in the consortium, they could collaborate in the biodegradation process.

P . stutzeri is a cosmopolitan bacterium with a relevant role in nitrogen cycling [109]. It has high physiological and 
genetic adaptability, which could be explained by chemotaxis, genetic mobile elements, and competence [109–110]. 
Besides, this bacterium is chemeoheterotrophic and can grow in minimal media with a single carbon source [110], sim-
ilar to the present study. P. stutzeri can also degrade xenobiotic compounds, including biocides [109, 111] and several 
aromatic hydrocarbons, such as phenanthrene [112–114], naphthalene [115–116], butylbenzene [117], pyrene [113–114], 
benzanthracene [113], petroleum hydrocarbons [118–119], among others. Regarding PAEs, P. stutzeri has been found 
capable of degrading 5 mg L-1 of DBP with a half-life of 1.8 days, and likely to our study, could not survive after 5 days of 
incubation with other microorganisms of the microbial community from their sampling site [120].

Diversity of the consortium MP001 before and after DEHP exposure.  A low alpha diversity was found in the 
MP001 consortium with DEHP exposure. Reduced diversity in the DEHP presence has been already reported. Bacterial 
consortiums enriched with DEHP demonstrated lower diversity than environmental samples not exposed to DEHP [87]. 
In a microbial soil community, despite being little restored, the diversity had a strong decrease within 7 days of DEHP 
exposure [41]. A negative effect on the richness, evenness, and Shannon diversity was observed in an anaerobic bacterial 
community from soil exposed to DEHP [89]. In addition, the richness of microorganisms was decreased with the DEHP 
addition in activated sludge of landfill leachate [76]. Thus, DEHP seems to be a compound able to decrease the diversity 
of microbial communities.

However, we point out that not only in the DEHP treatment (compared to the negative control) that a low diversity was 
found, but also in the negative control and MP001 inoculum. Microbial communities are highly diverse, yet the diversity 
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can be smaller in stressed environments, such as polluted ones [121]. A significantly lower diversity index of bacterial 
community was reported in sediments of heavy black-odors rivers with higher concentrations of contaminants (PAHs and 
PAEs, including DEHP) than in moderate ones with less concentration of contaminants [122]. In sediment samples from 
estuaries, the OTU/ASV richness and Shannon index were negatively influenced by the contamination with the heavy 
metal copper [75]. Similarly, in a riverine microbial community, the alpha diversity was negatively correlated with the total 
concentration of pharmaceutic and personal care products (PPCPs) [74]. Since mangroves can intercept a large amount 
of contamination due to their geochemistry [13,15] and consortium MP001 was isolated from a mangrove surrounded by 
the highly polluted Guanabara Bay [69–70], this in situ pollution might have decreased the diversity of their bacterial com-
munity and, consequently, of the consortium MP001.

Moreover, we can make some important inferences about the lack of significant change in community diversity after 
DEHP treatment. The main one is how resistant the bacteria observed in the environment are to the DEHP. Organisms 
have already been chronically exposed to the DEHP and have been selected in nature [14,57]. Thus, it is possible that the 
selection that occurred in the Magé mangrove resulted in resistant bacteria, thus, decreasing their diversity. The low alpha 
diversity and metabolic pathways might also be influenced by the experimental conditions. However, in the present study, 
we aimed to assess and characterize a biothecnological tool to DEHP biorremediation and not specifically assess the 
diversity of the local microbiome.

The potential ecological function of the consortium MP001 before and after DEHP exposure.  The consortium 
MP001 presented low diversity in terms of potential metabolic pathways compared to negative control, with only one 
energy production function (fermentation) and several pathways that represent the reworking of nitrogen compounds 
(e.g., pathways linked to ammonification and nitrate reduction). Due to the grouping, the functions between the inoculum 
and the control are very similar, and potential metabolic functions become different with exposure to DEHP, where the 
consortium made a significant investment in the fermentation process to grant more energy.

Fermentation is the primary mode of organic matter degradation. Microorganisms influence the functioning of ecosys-
tems by mediating biogeochemical cycles [72]. The fermentative bacteria hydrolyze the organic compounds and ferment 
the products generating CO

2
, acetate, and H

2
, which are substrates for anaerobic respiration carried out by the metha-

nogenic bacteria [43,123]. Fermentation is carried out by obligate or facultative anaerobic bacteria [43], which agrees 
with those found in the present study such as Bacillus and Paraclostidium. Paraclostidium, the more abundant genus in 
the MP001 consortium, has already been found as fermentative bacteria [78]. The strain Paraclostridium sp. CR4 was 
reported as producing H

2
, mainly from glucose, and being able to be used in fermentative reactors [78]. Furthermore, 

Firmicutes was the more abundant phylum in the MP001 consortium. Similarly, this group was dominant in the microbial 
community of sugar cane, degrading the sugar by fermentation [71]. Thus, the fermentation function in the MP001 con-
sortium indicates the possibility of DEHP degradation via fermentation. Furthermore, since wetlands can be an anoxic 
environment and fermentation occurs in these ecosystems [43], this may be the reason that fermentation has been found 
in the inoculum of the MP001 consortium.

The chemoheterotrophy and low carbon and nitrogen function have been also observed. Organic pollutants can influ-
ence the biogeochemical cycles’ ecological functions by altering microbial composition, activities, or gene expression lev-
els [122]. The relative abundance of nitrogen and phosphorus-related genes was lower in highly contaminated sediments 
than in moderate ones, suggesting a decrease in nitrogen and phosphorus metabolism [122]. Similarly, the abundance 
of functional genes in bacterial communities from river sediment samples was negatively correlated with the different 
pollution levels from each one. It was observed that the most polluted river had a lower abundance of functional genes, 
including energy metabolism-related, such as nitrogen metabolism, sulfur metabolism, and photosynthesis [73]. Thus, a 
possible reason for the low percentage of carbon and nitrogen function in the MP001 consortium is the pollution from their 
source.
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Conclusion

A consortium isolated from a neotropical mangrove (MP001) was characterized to assess its resistance to DEHP, com-
position, diversity, and potential ecological function. The MP001 consortium composition was dominated by the Para-
clostridium sp., followed by Bacillus sp. After 48 h of DEHP exposure, Paraclostridium sp., Pseudomonas stutzeri, and 
Staphylococcus sp. were found in the negative control, whereas Paraclostridium sp., Staphylococcus sp., Staphylococ-
cus epidermidis, and Bacillus sp. in the DEHP treatment. Thus, the relative abundance of Pseudomonas stutzeri and 
Paraclostridium sp. had decreased whereas that of Bacillus sp., Staphylococcus epidermidis, and Staphylococcus sp. 
increased in the treatment with DEHP compared to the negative control, indicating a possible effect of DEHP on the 
MP001 consortium composition. The alpha diversity of the MP001 consortium was not substantial and no significant dif-
ference was found between the negative control and DEHP treatment. Moreover, the main potential ecological function in 
MP001 inoculum, negative control, and DEHP treatment was fermentation. Notably, the MP001 consortium demonstrates 
a significant tendency to increase the bacterial biomass concerning the negative control after 48 h of exposure to DEHP. 
To the best of your knowledge, this is the first study to characterize a bacterial consortium from the Magé mangrove, Rio 
de Janeiro. Furthermore, the results obtained from this study highlight a potential bacterial consortium that could degrade 
DEHP and be used to remove this compound from DEHP-contaminated sites, decreasing the harmful effects of this com-
pound on the environment.

Supporting information

S1 Dataset.  Resistance assay values. 
(XLSX)

S2 Dataset.  Raw sequencing data. 
(XLSX)

Acknowledgments

The authors are grateful to Fernanda Silva dos Santos for the technical assistance.

Author contributions

Conceptualization: Julia de Morais Farias, Raquel A. F. Neves.

Data curation: Julia de Morais Farias, Raquel A. F. Neves, Leandro Araujo Argolo.

Formal analysis: Julia de Morais Farias, Raquel A. F. Neves.

Funding acquisition: Raquel A. F. Neves, Natascha Krepsky.

Investigation: Julia de Morais Farias.

Methodology: Julia de Morais Farias, Leandro Araujo Argolo.

Resources: Leandro Araujo Argolo, José Augusto P. Bitencourt.

Software: José Augusto P. Bitencourt.

Supervision: Raquel A. F. Neves, Natascha Krepsky, José Augusto P. Bitencourt.

Validation: Raquel A. F. Neves, José Augusto P. Bitencourt.

Visualization: José Augusto P. Bitencourt.

Writing – original draft: Julia de Morais Farias.

Writing – review & editing: Julia de Morais Farias, Raquel A. F. Neves, Natascha Krepsky, José Augusto P. Bitencourt.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320579.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320579.s002


PLOS One | https://doi.org/10.1371/journal.pone.0320579  April 24, 2025 15 / 19

References
	 1.	 He Y, Wang Q, He W, Xu F. Phthalate esters (PAEs) in atmospheric particles around a large shallow natural lake (Lake Chaohu, China). Sci Total 

Environ. 2019;687:297–308. https://doi.org/10.1016/j.scitotenv.2019.06.034 PMID: 31207519

	 2.	 Dueñas-Moreno J, Vázquez-Tapia I, Mora A, Cervantes-Avilés P, Mahlknecht J, Capparelli MV, et al. Occurrence, ecological and health risk 
assessment of phthalates in a polluted urban river used for agricultural land irrigation in central Mexico. Environ Res. 2024;240(Pt 1):117454. 
https://doi.org/10.1016/j.envres.2023.117454 PMID: 37865321

	 3.	 Transparency market research. Di(2-ethylhexyl) Phthalate Market (Purity: 90-95%, Above 95.5%, Others) - Global Industry Analy-
ses, Size, Share, Growth, Trends, and Forecast, 2023-2031. 2023 Apr 23 [Cited 2024 Jul 17]. Available from: https://www.transparencymarket-
research.com/di2ethylhexyl-phthalate-market.html

	 4.	 Net S, Sempéré R, Delmont A, Paluselli A, Ouddane B. Occurrence, fate, behavior and ecotoxicological state of phthalates in different environmen-
tal matrices. Environ Sci Technol. 2015;49(7):4019–35. https://doi.org/10.1021/es505233b PMID: 25730609

	 5.	 Wang LY, Gu YY, Zhang ZM, Sun AL, Shi XZ, Chen J, et al. Contaminant occurrence, mobility and ecological risk assessment of phthalate esters 
in the sediment-water system of the Hangzhou Bay. Sci Total Environ. 2021;770:144705. https://doi.org/10.1016/j.scitotenv.2020.144705 PMID: 
33736359

	 6.	 Chen L, Zhao Y, Li L, Chen B, Zhang Y. Exposure assessment of phthalates in non-occupational populations in China. Sci Total Environ. 
2012;427–428:60–9. https://doi.org/10.1016/j.scitotenv.2012.03.090 PMID: 22578696

	 7.	 Xie Z, Ebinghaus R, Temme C, Caba A, Ruck W. Atmospheric concentrations and air-sea exchanges of phthalates in the North Sea (German 
Bight). Atmos Environ 2005;39(20):3209–19.

	 8.	 Lu S, Kang L, Liao S, Ma S, Zhou L, Chen D, et al. Phthalates in PM2.5 from Shenzhen, China and human exposure assessment factored their 
bioaccessibility in lung. Chemosphere. 2018;202:726–32. https://doi.org/10.1016/j.chemosphere.2018.03.155 PMID: 29604559

	 9.	 Chen H, Mao W, Shen Y, Feng W, Mao G, Zhao T, et al. Distribution, source, and environmental risk assessment of phthalate esters (PAEs) in 
water, suspended particulate matter, and sediment of a typical Yangtze River Delta City, China. Environ Sci Pollut Res Int. 2019;26(24):24609–19. 
https://doi.org/10.1007/s11356-019-05259-y PMID: 31236858

	10.	 Selvaraj KK, Sundaramoorthy G, Ravichandran PK, Girijan GK, Sampath S, Ramaswamy BR. Phthalate esters in water and sediments of the 
Kaveri River, India: environmental levels and ecotoxicological evaluations. Env Geochem Health. 2015;37(1):83–96. https://doi.org/10.1007/
s10653-014-9632-5 PMID: 25056812

	11.	 Wang L, Liu Y, Zhang Y, Chen S, Zhang N, Wang Z, et al. Estimation and potential ecological risk assessment of multiphase PAEs in mangrove 
wetlands in Dongzhai Harbor, Hainan. Sci Total Environ. 2023;870:161835. https://doi.org/10.1016/j.scitotenv.2023.161835 PMID: 36731559

	12.	 Paluselli A, Fauvelle V, Schmidt N, Galgani F, Net S, Sempéré R. Distribution of phthalates in Marseille Bay (NW Mediterranean Sea). Sci Total 
Environ. 2018;621:578–87. https://doi.org/10.1016/j.scitotenv.2017.11.306 PMID: 29195205

	13.	 Zhang B-T, Gao Y, Lin C, Liu T, Liu X, Ma Y, et al. Spatial distribution of phthalate acid esters in sediments and its relationships with anthropogenic 
activities and environmental variables of the Jiaozhou Bay. Mar Pollut Bull. 2020;155:111161. https://doi.org/10.1016/j.marpolbul.2020.111161 
PMID: 32310100

	14.	 Neves RAF, Miralha A, Guimarães TB, Sorrentino R, Marques Calderari MRC, Santos LN. Phthalates contamination in the coastal and marine 
sediments of Rio de Janeiro, Brazil. Mar Pollut Bull. 2023;190:114819. https://doi.org/10.1016/j.marpolbul.2023.114819 PMID: 36965266

	15.	 Wang L, Liu Y, Zhang Y, Chen S, Zhang N, Wang Z, et al. Estimation and potential ecological risk assessment of multiphase PAEs in mangrove 
wetlands in Dongzhai Harbor, Hainan. Sci Total Environ. 2023;870:161835. https://doi.org/10.1016/j.scitotenv.2023.161835 PMID: 36731559

	16.	 Wang L, Liu Y, Ding F, Zhang Y, Liu H. Occurrence and cross-interface transfer of phthalate esters in the mangrove wetland in Dongzhai Harbor, 
China. Sci Total Environ. 2022;807(Pt 3):151062. https://doi.org/10.1016/j.scitotenv.2021.151062 PMID: 34673058

	17.	 Magdouli S, Daghrir R, Brar SK, Drogui P, Tyagi RD. Di 2-ethylhexylphtalate in the aquatic and terrestrial environment: a critical review. J Environ 
Manage. 2013;127:36–49. https://doi.org/10.1016/j.jenvman.2013.04.013 PMID: 23681404

	18.	 Phthalates. n.d.

	19.	 European U. COUNCIL REGULATION (EEC) No 793/93 on the evaluation and control of the risks of existing substances. 1993.

	20.	 Wang J, Liu P, Qian Y. Microbial degradation of di-n butyl phthalate. Chemosphere. 1995;31(9):4051–6. https://doi.org/10.1016/0045-
6535(95)00282-d PMID: 8535827

	21.	 Adeogun AO, Ibor OR, Imiuwa ME, Omogbemi ED, Chukwuka AV, Omiwole RA, et al. Endocrine disruptor responses in African sharptooth catfish 
(Clarias gariepinus) exposed to di-(2-ethylhexyl)-phthalate. Comp Biochem Physiol C Toxicol Pharmacol. 2018;213:7–18. https://doi.org/10.1016/j.
cbpc.2018.07.001 PMID: 30033399

	22.	 Lee H, Lee J, Choi K, Kim K-T. Comparative analysis of endocrine disrupting effects of major phthalates in employed two cell lines (MVLN and 
H295R) and embryonic zebrafish assay. Environ Res. 2019;172:319–25. https://doi.org/10.1016/j.envres.2019.02.033 PMID: 30825681

	23.	 Li X, Wang Q, Wang C, Yang Z, Wang J, Zhu L. Ecotoxicological response of zebrafish liver (Danio rerio) induced by di-(2-ethylhexyl) phthalate. 
Ecol Indic. 2022;143:109388. https://doi.org/10.1016/j.ecolind.2022.109388

	24.	 Yang W-K, Chiang L-F, Tan S-W, Chen P-J. Environmentally relevant concentrations of di(2-ethylhexyl)phthalate exposure alter larval growth and locomo-
tion in medaka fish via multiple pathways. Sci Total Environ. 2018;640–641:512–22. https://doi.org/10.1016/j.scitotenv.2018.05.312 PMID: 29864665

https://doi.org/10.1016/j.scitotenv.2019.06.034
http://www.ncbi.nlm.nih.gov/pubmed/31207519
https://doi.org/10.1016/j.envres.2023.117454
http://www.ncbi.nlm.nih.gov/pubmed/37865321
https://www.transparencymarketresearch.com/di2ethylhexyl-phthalate-market.html
https://www.transparencymarketresearch.com/di2ethylhexyl-phthalate-market.html
https://doi.org/10.1021/es505233b
http://www.ncbi.nlm.nih.gov/pubmed/25730609
https://doi.org/10.1016/j.scitotenv.2020.144705
http://www.ncbi.nlm.nih.gov/pubmed/33736359
https://doi.org/10.1016/j.scitotenv.2012.03.090
http://www.ncbi.nlm.nih.gov/pubmed/22578696
https://doi.org/10.1016/j.chemosphere.2018.03.155
http://www.ncbi.nlm.nih.gov/pubmed/29604559
https://doi.org/10.1007/s11356-019-05259-y
http://www.ncbi.nlm.nih.gov/pubmed/31236858
https://doi.org/10.1007/s10653-014-9632-5
https://doi.org/10.1007/s10653-014-9632-5
http://www.ncbi.nlm.nih.gov/pubmed/25056812
https://doi.org/10.1016/j.scitotenv.2023.161835
http://www.ncbi.nlm.nih.gov/pubmed/36731559
https://doi.org/10.1016/j.scitotenv.2017.11.306
http://www.ncbi.nlm.nih.gov/pubmed/29195205
https://doi.org/10.1016/j.marpolbul.2020.111161
http://www.ncbi.nlm.nih.gov/pubmed/32310100
https://doi.org/10.1016/j.marpolbul.2023.114819
http://www.ncbi.nlm.nih.gov/pubmed/36965266
https://doi.org/10.1016/j.scitotenv.2023.161835
http://www.ncbi.nlm.nih.gov/pubmed/36731559
https://doi.org/10.1016/j.scitotenv.2021.151062
http://www.ncbi.nlm.nih.gov/pubmed/34673058
https://doi.org/10.1016/j.jenvman.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23681404
https://doi.org/10.1016/0045-6535(95)00282-d
https://doi.org/10.1016/0045-6535(95)00282-d
http://www.ncbi.nlm.nih.gov/pubmed/8535827
https://doi.org/10.1016/j.cbpc.2018.07.001
https://doi.org/10.1016/j.cbpc.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30033399
https://doi.org/10.1016/j.envres.2019.02.033
http://www.ncbi.nlm.nih.gov/pubmed/30825681
https://doi.org/10.1016/j.ecolind.2022.109388
https://doi.org/10.1016/j.scitotenv.2018.05.312
http://www.ncbi.nlm.nih.gov/pubmed/29864665


PLOS One | https://doi.org/10.1371/journal.pone.0320579  April 24, 2025 16 / 19

	25.	 Ye T, Kang M, Huang Q, Fang C, Chen Y, Shen H, et al. Exposure to DEHP and MEHP from hatching to adulthood causes reproductive dys-
function and endocrine disruption in marine medaka (Oryzias melastigma). Aquat Toxicol. 2014;146:115–26. https://doi.org/10.1016/j.aqua-
tox.2013.10.025 PMID: 24292025

	26.	 Yuan L, Liu J, Huang Y, Shen G, Pang S, Wang C, et al. Integrated toxicity assessment of DEHP and DBP toward aquatic ecosystem based on 
multiple trophic model assays. Environ Sci Pollut Res Int. 2022;29(58):87402–12. https://doi.org/10.1007/s11356-022-21863-x PMID: 35804233

	27.	 Zhang ZM, Zhang HH, Zhang J, Wang QW, Yang GP. Occurrence, distribution, and ecological risks of phthalate esters in the seawater and sedi-
ment of Changjiang River Estuary and its adjacent area. Sci Total Environ. 2018;619–620:93–102. https://doi.org/10.1016/j.scitotenv.2017.11.070 
PMID: 29145058

	28.	 Arora J, Chauhan A, Ranjan A, Rajput VD, Minkina T, Zhumbei AI, et al. Degradation of SDS by psychrotolerant Staphylococcus saprophyticus and 
Bacillus pumilus isolated from Southern Ocean water samples. Braz J Microbiol. n.d.;1(1):1–13.

	29.	 Kumar G, Shahi S, Singh S. Bioremediation: An eco-sustainable approach for restoration of contaminated sites. Microb Bioprospecting Sustain 
Dev. n.d.:115–36.

	30.	 Hu R, Zhao H, Xu X, Wang Z, Yu K, Shu L, et al. Bacteria-driven phthalic acid ester biodegradation: Current status and emerging opportunities. 
Environ Int. 2021;154:106560. https://doi.org/10.1016/j.envint.2021.106560 PMID: 33866059

	31.	 Ren L, Weng L, Chen D, Hu H, Jia Y, Zhou J. Bioremediation of PAEs-contaminated saline soil: The application of a marine bacterial strain isolated 
from mangrove sediment. Mar Pollut Bull. 2023;192:115071.

	32.	 Nahurira R, Ren L, Song J, Jia Y, Wang J, Fan S. Degradation of Di(2-Ethylhexyl) Phthalate by a Novel Gordonia alkanivorans Strain YC-RL2. Curr 
Microbiol. 2017;74(3):309–19.

	33.	 Ren L, Jia Y, Ruth N, Qiao C, Wang J, Zhao B, et al. Biodegradation of phthalic acid esters by a newly isolated Mycobacterium sp. YC-RL4 and 
the bioprocess with environmental samples. Environ Sci Pollut Res Int. 2016;23(16):16609–19. https://doi.org/10.1007/s11356-016-6829-4 PMID: 
27178296

	34.	 Sarkar J, Chowdhury PP, Dutta TK. Complete degradation of di-n-octyl phthalate by Gordonia sp. strain Dop5. Chemosphere. 2013;90(10):2571–7. 
https://doi.org/10.1016/j.chemosphere.2012.10.101 PMID: 23211327

	35.	 Singh N, Dalal V, Mahto JK, Kumar P. Biodegradation of phthalic acid esters (PAEs) and in silico structural characterization of mono- 
2-ethylhexyl phthalate (MEHP) hydrolase on the basis of close structural homolog. J Hazard Mater. 2017;338:11–22. https://doi.org/10.1016/j.
jhazmat.2017.04.055 PMID: 28531656

	36.	 Zeng F, Cui K, Li X, Fu J, Sheng G. Biodegradation kinetics of phthalate esters by Pseudomonas fluoresences FS1. Process Biochem. 
2004;39(9):1125–9. https://doi.org/10.1016/s0032-9592(03)00226-7

	37.	 Zhao HM, Hu RW, Chen XX, Chen XB, Lü H, Li YW, et al. Biodegradation pathway of di-(2-ethylhexyl) phthalate by a novel Rhodococcus pyridini-
vorans XB and its bioaugmentation for remediation of DEHP contaminated soil. Sci Total Environ. 2018;640–641:1121–31. https://doi.org/10.1016/j.
scitotenv.2018.05.334 PMID: 30021277

	38.	 Zhang H, Lin Z, Liu B, Wang G, Weng L, Zhou J, et al. Bioremediation of di-(2-ethylhexyl) phthalate contaminated red soil by Gordonia terrae 
RL-JC02: Characterization, metabolic pathway and kinetics. Sci Total Environ. 2020;733:139138. https://doi.org/10.1016/j.scitotenv.2020.139138 
PMID: 32446058

	39.	 Ghosh S, Chowdhury R, Bhattacharya P. Mixed consortia in bioprocesses: role of microbial interactions. Appl Microbiol Biotechnol. 
2016;100:4283–95.

	40.	 Qian X, Chen L, Sui Y, Chen C, Zhang W, Zhou J, et al. Biotechnological potential and applications of microbial consortia. Biotechnol Adv. 
2020;40:107500. https://doi.org/10.1016/j.biotechadv.2019.107500 PMID: 31862233

	41.	 Bai N, Li S, Zhang J, Zhang H, Zhang H, Zheng X, et al. Efficient biodegradation of DEHP by CM9 consortium and shifts in the bacterial community 
structure during bioremediation of contaminated soil. Environ Pollut. 2020;266(Pt 2):115112. https://doi.org/10.1016/j.envpol.2020.115112 PMID: 
32634694

	42.	 Bacosa HP, Suto K, Inoue C. Degradation potential and microbial community structure of heavy oil-enriched microbial consortia from mangrove 
sediments in Okinawa, Japan. J Environ Sci Health A. 2013;48(8):835–46. https://doi.org/10.1080/10934529.2013.761476 PMID: 23485232

	43.	 De Mandal S, Laskar F, Panda A, Mishra R. Microbial diversity and functional potential in wetland ecosystems. Recent Advancements in Microbial 
Diversity. n.d.:289–314.

	44.	 Chen Y, Zhen Z, Li G, Li H, Wei T, Huang F, et al. Di-2-ethylhexyl phthalate (DEHP) degradation and microbial community change in mangrove 
rhizosphere gradients. Sci Total Environ. 2023;871:162022. https://doi.org/10.1016/j.scitotenv.2023.162022 PMID: 36775151

	45.	 Pontes A da S, Mesquita V, Chaves F de O, da Silva A, Kaplan M, Fingolo C. Phthalates in Avicennia schaueriana, a mangrove species, in the 
State Biological Reserve, Guaratiba, RJ, Brazil. Environ Adv. 2020;2:100015.

	46.	 Maciel-Souza MDC, Macrae A, Volpon AGT, Ferreira PS, Mendonça-Hagler LC. Chemical and microbiological characterization of mangrove sedi-
ments after a large oil-spill in Guanabara Bay - RJ - Brazil. Braz J Microbiol. 2006;37(3):262–6.

	47.	 Oliveira P. Produção de biossurfactante e biomassa por consórcios bacterianos ambientais submetidos a diferentes condições de 
crescimento. M.Sc. Thesis. Federal University of the State of Rio de Janeiro (UNIRIO). 2015. Available from: https://www.amazon.pl/
Produ%C3%A7%C3%A3o-biossurfactante-biomassa-bact%C3%A9rias-ambientais

https://doi.org/10.1016/j.aquatox.2013.10.025
https://doi.org/10.1016/j.aquatox.2013.10.025
http://www.ncbi.nlm.nih.gov/pubmed/24292025
https://doi.org/10.1007/s11356-022-21863-x
http://www.ncbi.nlm.nih.gov/pubmed/35804233
https://doi.org/10.1016/j.scitotenv.2017.11.070
http://www.ncbi.nlm.nih.gov/pubmed/29145058
https://doi.org/10.1016/j.envint.2021.106560
http://www.ncbi.nlm.nih.gov/pubmed/33866059
https://doi.org/10.1007/s11356-016-6829-4
http://www.ncbi.nlm.nih.gov/pubmed/27178296
https://doi.org/10.1016/j.chemosphere.2012.10.101
http://www.ncbi.nlm.nih.gov/pubmed/23211327
https://doi.org/10.1016/j.jhazmat.2017.04.055
https://doi.org/10.1016/j.jhazmat.2017.04.055
http://www.ncbi.nlm.nih.gov/pubmed/28531656
https://doi.org/10.1016/s0032-9592(03)00226-7
https://doi.org/10.1016/j.scitotenv.2018.05.334
https://doi.org/10.1016/j.scitotenv.2018.05.334
http://www.ncbi.nlm.nih.gov/pubmed/30021277
https://doi.org/10.1016/j.scitotenv.2020.139138
http://www.ncbi.nlm.nih.gov/pubmed/32446058
https://doi.org/10.1016/j.biotechadv.2019.107500
http://www.ncbi.nlm.nih.gov/pubmed/31862233
https://doi.org/10.1016/j.envpol.2020.115112
http://www.ncbi.nlm.nih.gov/pubmed/32634694
https://doi.org/10.1080/10934529.2013.761476
http://www.ncbi.nlm.nih.gov/pubmed/23485232
https://doi.org/10.1016/j.scitotenv.2023.162022
http://www.ncbi.nlm.nih.gov/pubmed/36775151
https://www.amazon.pl/Produ%C3%A7%C3%A3o-biossurfactante-biomassa-bact%C3%A9rias-ambientais
https://www.amazon.pl/Produ%C3%A7%C3%A3o-biossurfactante-biomassa-bact%C3%A9rias-ambientais


PLOS One | https://doi.org/10.1371/journal.pone.0320579  April 24, 2025 17 / 19

	48.	 Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general 16S ribosomal RNA gene PCR primers for classical 
and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013;41(1):e1. https://doi.org/10.1093/nar/gks808 PMID: 22933715

	49.	 Oliveira A da S. Estrutura e diversidade taxonômica das comunidades microbianas em cavidades ferruginosas da flona de carajás. M.Sc. Thesis. 
Instituto Tecnológico Vale Desenvolvimento Sustentável. 2021. Available from: https://www.itv.org/wp-content/uploads/2022/08/Diss.2021.Amand-
aOliveira.MProfITVDS.pdf

	50.	 Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows analysis of high-throughput community 
sequencing data. Nat Methods. 2010;7(5):335–6. https://doi.org/10.1038/nmeth.f.303 PMID: 20383131

	51.	 Schmieder R, Edwards R. Quality control and preprocessing of metagenomic datasets. Bioinformatics. 2011;27(6):863–4. https://doi.org/10.1093/
bioinformatics/btr026

	52.	 Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate Illumina Paired-End reAd mergeR. Bioinformatics. 2014;30(5):614–20. 
https://doi.org/10.1093/bioinformatics/btt593 PMID: 24142950

	53.	 Mahé F, Rognes T, Quince C, de Vargas C, Dunthorn M. Swarm v2: highly-scalable and high-resolution amplicon clustering. PeerJ. 2015;3:1420. 
https://doi.org/10.7717/peerj.1420

	54.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene database project: improved data processing 
and web-based tools. Nucleic Acids Res. 2013;41(Database issue):D590-6. https://doi.org/10.1093/nar/gks1219 PMID: 23193283

	55.	 Liang S, Deng J, Jiang Y, Wu S, Zhou Y, Zhu W. Functional distribution of bacterial community under different land use patterns based on FaPro-
Tax function prediction. Pol J Environ Stud. n.d.;29(2).

	56.	 McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One. 
2013;8(4):e61217. https://doi.org/10.1371/journal.pone.0061217 PMID: 23630581

	57.	 Loureiro R. A importância e ocorrência ftalatos em água potável e no ecossistema da Baía de Guanabara. Ph. D. Thesis, Pontifícia Universidade 
Católica do Rio de Janeiro. 2002. Available from: https://www2.dbd.puc-rio.br/pergamum/tesesabertas/5000116951_02_pretexto.pdf

	58.	 Lee YM, Lee JE, Choe W, Kim T, Lee JY, Kho Y, et al. Distribution of phthalate esters in air, water, sediments, and fish in the Asan Lake of Korea. 
Environ Int. 2019;126:635–43. https://doi.org/10.1016/j.envint.2019.02.059 PMID: 30856451

	59.	 Arfaeinia H, Fazlzadeh M, Taghizadeh F, Saeedi R, Spitz J, Dobaradaran S. Phthalate acid esters (PAEs) accumulation in coastal sediments from 
regions with different land use configuration along the Persian Gulf. Ecotoxicol Environ Saf. 2019;169:496–506. https://doi.org/10.1016/j.eco-
env.2018.11.033 PMID: 30472474

	60.	 Khishdost M, Dobaradaran S, Goudarzi G, Takdastan A, Babaei AA. Contaminant occurrence, distribution and ecological risk assessment of 
phthalate esters in the Persian Gulf. PLoS One. 2023; 18: 1–15.

	61.	 Jebara A, Albergamo A, Rando R, Potortì AG, Lo Turco V, Mansour HB, et al. Phthalates and non-phthalate plasticizers in Tunisian marine sam-
ples: Occurrence, spatial distribution and seasonal variation. Mar Pollut Bull. 2021;163:111967. https://doi.org/10.1016/j.marpolbul.2021.111967 
PMID: 33486405

	62.	 Li F, Liu Y, Wang D, Zhang C, Yang Z, Lu S, et al. Biodegradation of di-(2-ethylhexyl) phthalate by a halotolerant consortium LF. PLoS One. 
2018;13(10):e0204324. https://doi.org/10.1371/journal.pone.0204324 PMID: 30321184

	63.	 Shariati S, Pourbabaee A, Alikhani H, Rezaei K. Biodegradation of DEHP by a new native consortium An6 (Gordonia sp. and Pseudomonas sp.) 
adapted with phthalates, isolated from a natural strongly polluted wetland. Environ Technol Innov. 2021;24:101936.

	64.	 Zhao HM, Hu RW, Chen XX, Chen XB, Lü H, Li YW, et al. Biodegradation pathway of di-(2-ethylhexyl) phthalate by a novel Rhodococcus pyridini-
vorans XB and its bioaugmentation for remediation of DEHP contaminated soil. Sci Total Environ. 2018;640–641:1121–31. https://doi.org/10.1016/j.
scitotenv.2018.05.334 PMID: 30021277

	65.	 Hernando-Amado S, Coque TM, Baquero F, Martínez JL. Defining and combating antibiotic resistance from One Health and Global Health per-
spectives. Nat Microbiol. 2019;4(9):1432–42. https://doi.org/10.1038/s41564-019-0503-9 PMID: 31439928

	66.	 Ye J, Rensing C, Su J, Zhu Y-G. From chemical mixtures to antibiotic resistance. J Environ Sci (China). 2017;62:138–44. https://doi.org/10.1016/j.
jes.2017.09.003 PMID: 29289285

	67.	 Di Cesare A, Eckert E, Corno G. Co-selection of antibiotic and heavy metal resistance in freshwater bacteria. J Limnol. 2016;75:59–66.

	68.	 Ejileugha C. Biochar can mitigate co-selection and control antibiotic resistant genes (ARGs) in compost and soil. Heliyon. 2022;8(5):e09543. 
https://doi.org/10.1016/j.heliyon.2022.e09543 PMID: 35663734

	69.	 Costa W, Paranhos R, Mello M, Picão R, Laport M. Occurrence of extended-spectrum β-lactamases-producing Escherichia coli isolates over gradi-
ent pollution in an urban tropical estuary. Environ Microbiol. 2023;25(5):2041–8.

	70.	 Fries AS, Coimbra JP, Nemazie DA, Summers RM, Azevedo JPS, Filoso S, et al. Guanabara Bay ecosystem health report card: Science, manage-
ment, and governance implications. Reg Stud Mar Sci. 2019;25:100474. https://doi.org/10.1016/j.rsma.2018.100474

	71.	 Sharmin F, Wakelin S, Huygens F, Hargreaves M. Firmicutes dominate the bacterial taxa within sugar-cane processing plants. Sci Rep. 
2013;3:3107. https://doi.org/10.1038/srep03107 PMID: 24177592

	72.	 Wu H, Li Y, Zhang W, Wang C, Wang P, Niu L, et al. Bacterial community composition and function shift with the aggravation of water quality in a 
heavily polluted river. J Environ Manage. 2019;237:433–41. https://doi.org/10.1016/j.jenvman.2019.02.101 PMID: 30822647

https://doi.org/10.1093/nar/gks808
http://www.ncbi.nlm.nih.gov/pubmed/22933715
https://www.itv.org/wp-content/uploads/2022/08/Diss.2021.AmandaOliveira.MProfITVDS.pdf
https://www.itv.org/wp-content/uploads/2022/08/Diss.2021.AmandaOliveira.MProfITVDS.pdf
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btt593
http://www.ncbi.nlm.nih.gov/pubmed/24142950
https://doi.org/10.7717/peerj.1420
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://www2.dbd.puc-rio.br/pergamum/tesesabertas/5000116951_02_pretexto.pdf
https://doi.org/10.1016/j.envint.2019.02.059
http://www.ncbi.nlm.nih.gov/pubmed/30856451
https://doi.org/10.1016/j.ecoenv.2018.11.033
https://doi.org/10.1016/j.ecoenv.2018.11.033
http://www.ncbi.nlm.nih.gov/pubmed/30472474
https://doi.org/10.1016/j.marpolbul.2021.111967
http://www.ncbi.nlm.nih.gov/pubmed/33486405
https://doi.org/10.1371/journal.pone.0204324
http://www.ncbi.nlm.nih.gov/pubmed/30321184
https://doi.org/10.1016/j.scitotenv.2018.05.334
https://doi.org/10.1016/j.scitotenv.2018.05.334
http://www.ncbi.nlm.nih.gov/pubmed/30021277
https://doi.org/10.1038/s41564-019-0503-9
http://www.ncbi.nlm.nih.gov/pubmed/31439928
https://doi.org/10.1016/j.jes.2017.09.003
https://doi.org/10.1016/j.jes.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/29289285
https://doi.org/10.1016/j.heliyon.2022.e09543
http://www.ncbi.nlm.nih.gov/pubmed/35663734
https://doi.org/10.1016/j.rsma.2018.100474
https://doi.org/10.1038/srep03107
http://www.ncbi.nlm.nih.gov/pubmed/24177592
https://doi.org/10.1016/j.jenvman.2019.02.101
http://www.ncbi.nlm.nih.gov/pubmed/30822647


PLOS One | https://doi.org/10.1371/journal.pone.0320579  April 24, 2025 18 / 19

	73.	 Gao M, Zhang Z, Dong Y, Song Z, Dai H. Responses of bacterial communities in wheat rhizospheres in different soils to di-n-butyl and  
di(2-ethylhexyl)phthalate contamination. Geoderma. 2020;362:114126. https://doi.org/10.1016/j.geoderma.2019.114126

	74.	 Hu A, Ju F, Hou L, Li J, Yang X, Wang H, et al. Strong impact of anthropogenic contamination on the co-occurrence patterns of a riverine microbial 
community. Environ Microbiol. 2017;19(12):4993–5009. https://doi.org/10.1111/1462-2920.13942 PMID: 28967165

	75.	 Sun M, Dafforn K, Johnston E, Brown MV. Core sediment bacteria drive community response to anthropogenic contamination over multiple envi-
ronmental gradients. Environ Microbiol. 2013;15:2517–31.

	76.	 Wang Q, Jiang L, Fang C, Chen L. Effects of di-n-butyl phthalate and di-2-ethylhexyl phthalate on pollutant removal and microbial community 
during wastewater treatment. Ecotoxicol Environ Saf. 2020;198:110665. https://doi.org/10.1016/j.ecoenv.2020.110665 PMID: 32353604

	77.	 Rai A, Ramana CV, Uppada J, Sasikala C. Paraclostridium. Bergey’s Man Syst Bact. n.d.:1–12.

	78.	 Silva Rabelo CAB, Okino CH, Sakamoto IK, Varesche MBA. Isolation of Paraclostridium CR4 from sugarcane bagasse and its evaluation in the 
bioconversion of lignocellulosic feedstock into hydrogen by monitoring cellulase gene expression. Sci Total Environ. 2020;715:136868. https://doi.
org/10.1016/j.scitotenv.2020.136868 PMID: 32014768

	79.	 Sasi Jyothsna TS, Tushar L, Sasikala C, Ramana CV. Paraclostridium benzoelyticum gen. nov., sp. nov., isolated from marine sediment and 
reclassification of Clostridium bifermentans as Paraclostridium bifermentans comb. nov. Proposal of a new genus Paeniclostridium gen. nov. to 
accommodate Clostridium sordellii and Clostridium ghonii. Int J Syst Evol Microbiol. 2016;66(3):1268–74. https://doi.org/10.1099/ijsem.0.000874 
PMID: 26738915

	80.	 Fang H, Oberoi AS, He Z, Khanal SK, Lu H. Ciprofloxacin-degrading Paraclostridium sp. isolated from sulfate-reducing bacteria-enriched sludge: 
Optimization and mechanism. Water Res. 2021;191: 116808.

	81.	 Fang H, Jia Y, Zhou S, Lu L, Sun L, Lu H. A novel biotechnology for enhanced ciprofloxacin removal via bioaugmentation of Paraclostridium sp. 
Bioresour Technol Reports. 2022;20:101246. https://doi.org/10.1016/j.biteb.2022.101246

	82.	 Chang YC, Okeke BC, Hatsu M, Takamizawa K. In vitro dehalogenation of tetrachloroethylene (PCE) by cell-free extracts of Clostridium bifermen-
tans DPH-1. Bioresour Technol. 2001;78(2):141–7. https://doi.org/10.1016/s0960-8524(01)00005-0 PMID: 11333032

	83.	 Zhao J, Spain J, Hawari J. Phylogenetic and metabolic diversity of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)-transforming bacteria in strictly 
anaerobic mixed cultures enriched on RDX as nitrogen source. FEMS Microbiol Ecol. 2003;46:189–96.

	84.	 Zhang Y, Qi J, Wang Y, Wen J, Zhao X, Qi G. Comparative study of the role of surfactin-triggered signalling in biofilm formation among different 
Bacillus species. Microbiol Res. 2022;254:126920. https://doi.org/10.1016/j.micres.2021.126920 PMID: 34800863

	85.	 Rahman FB, Sarkar B, Moni R, Rahman MS. Molecular genetics of surfactin and its effects on different sub-populations of Bacillus subtilis. Bio-
technol Rep (Amst). 2021;32:e00686. https://doi.org/10.1016/j.btre.2021.e00686 PMID: 34786355

	86.	 Huo M, Xu X, Mi K, Ma W, Zhou Q, Lin X, et al. Co-selection mechanism for bacterial resistance to major chemical pollutants in the environment. 
Sci Total Environ. 2024;912: 169223.

	87.	 Ningthoujam R, Satiraphan M, Sompongchaiyakul P, Bureekul S, Luadnakrob P, Pinyakong O. Bacterial community shifts in a di-(2-ethylhexyl) 
phthalate-degrading enriched consortium and the isolation and characterization of degraders predicted through network analyses. Chemosphere. 
2023;310:136730. https://doi.org/10.1016/j.chemosphere.2022.136730 PMID: 36209845

	88.	 Yuan S-Y, Huang I-C, Chang B-V. Biodegradation of dibutyl phthalate and di-(2-ethylhexyl) phthalate and microbial community changes in man-
grove sediment. J Hazard Mater. 2010;184(1–3):826–31. https://doi.org/10.1016/j.jhazmat.2010.08.116 PMID: 20875923

	89.	 Zhu F, Zhu C, Zhou D, Gao J. Fate of di (2-ethylhexyl) phthalate and its impact on soil bacterial community under aerobic and anaerobic condi-
tions. Chemosphere. 2019;216:84–93. https://doi.org/10.1016/j.chemosphere.2018.10.078 PMID: 30359920

	90.	 Zhu F, Doyle E, Zhu C, Zhou D, Gu C, Gao J. Metagenomic analysis exploring microbial assemblages and functional genes potentially involved 
in di (2-ethylhexyl) phthalate degradation in soil. Sci Total Environ. 2020;715:137037. https://doi.org/10.1016/j.scitotenv.2020.137037 PMID: 
32041058

	91.	 Foster T. Staphylococcus. 1996.

	92.	 Otto M. Staphylococcus epidermidis - The “accidental” pathogen. Nat Revi Microbiol. 2009;7(1):555–67.

	93.	 Ayed L, Chaieb K, Cheref A, Bakhrouf A. Biodegradation and decolorization of triphenylmethane dyes by Staphylococcus epidermidis. Desalina-
tion. 2010;260(1–3):137–46. https://doi.org/10.1016/j.desal.2010.04.052

	94.	 Arora J, Chauhan A, Ranjan A, Rajput VD, Minkina T, Zhumbei AI, et al. Degradation of SDS by psychrotolerant Staphylococcus saprophyticus and 
Bacillus pumilus isolated from Southern Ocean water samples. Braz J Microbiol. n.d.;54(1):1–13.

	95.	 Muendo BM, Shikuku VO, Getenga ZM, Lalah JO, Wandiga SO, Karau GM, et al. Enhanced hexazinone degradation by a Bacillus species and 
Staphylococcus species isolated from pineapple and sugarcane cultivated soils in Kenya. Environ Chem Ecotoxicol. 2022;4:106–12.

	96.	 Mallick S, Chatterjee S, Dutta TK. A novel degradation pathway in the assimilation of phenanthrene by Staphylococcus sp. strain PN/Y via 
meta-cleavage of 2-hydroxy-1-naphthoic acid: formation of trans-2, 3-dioxo-5-(2′-hydroxyphenyl)-pent-4-enoic acid. Microbiol. n.d.;153:2104–15.

	97.	 Monna L, Omori T, Kodama T. Microbial degradation of dibenzofuran, fluorene, and dibenzo-p-dioxin by Staphylococcus auriculans DBF63. Appl 
Environ Microbiol. 1993;59(1):285–9. https://doi.org/10.1128/aem.59.1.285-289.1993 PMID: 8439154

	98.	 Nzila A, Musa MM, Sankara S, Al-Momani M, Xiang L, Li QX. Degradation of benzo[a]pyrene by halophilic bacterial strain Staphylococcus haemo-
liticus strain 10SBZ1A. PLoS One. 2021;16(2):e0247723. https://doi.org/10.1371/journal.pone.0247723 PMID: 33630955

https://doi.org/10.1016/j.geoderma.2019.114126
https://doi.org/10.1111/1462-2920.13942
http://www.ncbi.nlm.nih.gov/pubmed/28967165
https://doi.org/10.1016/j.ecoenv.2020.110665
http://www.ncbi.nlm.nih.gov/pubmed/32353604
https://doi.org/10.1016/j.scitotenv.2020.136868
https://doi.org/10.1016/j.scitotenv.2020.136868
http://www.ncbi.nlm.nih.gov/pubmed/32014768
https://doi.org/10.1099/ijsem.0.000874
http://www.ncbi.nlm.nih.gov/pubmed/26738915
https://doi.org/10.1016/j.biteb.2022.101246
https://doi.org/10.1016/s0960-8524(01)00005-0
http://www.ncbi.nlm.nih.gov/pubmed/11333032
https://doi.org/10.1016/j.micres.2021.126920
http://www.ncbi.nlm.nih.gov/pubmed/34800863
https://doi.org/10.1016/j.btre.2021.e00686
http://www.ncbi.nlm.nih.gov/pubmed/34786355
https://doi.org/10.1016/j.chemosphere.2022.136730
http://www.ncbi.nlm.nih.gov/pubmed/36209845
https://doi.org/10.1016/j.jhazmat.2010.08.116
http://www.ncbi.nlm.nih.gov/pubmed/20875923
https://doi.org/10.1016/j.chemosphere.2018.10.078
http://www.ncbi.nlm.nih.gov/pubmed/30359920
https://doi.org/10.1016/j.scitotenv.2020.137037
http://www.ncbi.nlm.nih.gov/pubmed/32041058
https://doi.org/10.1016/j.desal.2010.04.052
https://doi.org/10.1128/aem.59.1.285-289.1993
http://www.ncbi.nlm.nih.gov/pubmed/8439154
https://doi.org/10.1371/journal.pone.0247723
http://www.ncbi.nlm.nih.gov/pubmed/33630955


PLOS One | https://doi.org/10.1371/journal.pone.0320579  April 24, 2025 19 / 19

	 99.	 Zhuang W-Q, Tay J-H, Maszenan AM, Tay ST-L. Isolation of naphthalene-degrading bacteria from tropical marine sediments. Water Sci Technol. 
2003;47(1):303–8. https://doi.org/10.2166/wst.2003.0071

	100.	 Kumar D, Kumar A, Sharma J. Degradation study of lindane by novel strains Kocuria sp. DAB-1Y and Staphylococcus sp. DAB-1W. Bioresour 
Bioprocess. 2016;3(1):1–16.

	101.	 Liu J, Chen D, Peters B, Li L, Li B, Xu Z. Staphylococcal chromosomal cassettes mec (SCCmec): A mobile genetic element in methicillin-resistant 
Staphylococcus aureus. Microb Pathog. 2016;101:56–67.

	102.	 de Morais Farias J, Krepsky N. Bacterial degradation of bisphenol analogues: an overview. Environ Sci Pollut Res Int. 2022;29(51):76543–64. 
https://doi.org/10.1007/s11356-022-23035-3 PMID: 36166118

	103.	 Tao Y, Li H, Gu J, Shi H, Han S, Jiao Y, et al. Metabolism of diethyl phthalate (DEP) and identification of degradation intermediates by Pseudomo-
nas sp. DNE-S1. Ecotoxicol Environ Saf. 2019;173:411–8. https://doi.org/10.1016/j.ecoenv.2019.02.055 PMID: 30798184

	104.	 Chen BY, Chen SY, Lin MY, Chang JS. Exploring bioaugmentation strategies for azo-dye decolorization using a mixed consortium of Pseudomo-
nas luteola and Escherichia coli. Process Biochem. 2006;41(7):1574–81. https://doi.org/10.1016/j.procbio.2006.03.004

	105.	 Lu H, Weng Z, Wei H, Zhou J, Wang J, Liu G. Simultaneous bisphenol F degradation, heterotrophic nitrification and aerobic denitrification by a 
bacterial consortium. J Chem Technol Biotechnol. 2017;92:854–60.

	106.	 Seo H, Kim J, Jung J, Jin HM, Jeon CO, Park W. Complexity of cell-cell interactions between Pseudomonas sp. AS1 and Acinetobacter oleiv-
orans DR1: metabolic commensalism, biofilm formation and quorum quenching. Res Microbiol. 2012;163(3):173–81. https://doi.org/10.1016/j.
resmic.2011.12.003 PMID: 22202171

	107.	 Wang X, Chen J, Ji R, Liu Y, Su Y, Guo R. Degradation of Bisphenol S by a Bacterial Consortium Enriched from River Sediments. Bull Environ 
Contam Toxicol. 2019;103(4):630–5. https://doi.org/10.1007/s00128-019-02699-7 PMID: 31486911

	108.	 Senthilvelan T, Kanagaraj J, Panda RC, Mandal AB. Biodegradation of phenol by mixed microbial culture: an eco-friendly approach for the pollu-
tion reduction. Clean Techn Environ Policy. 2013;16(1):113–26. https://doi.org/10.1007/s10098-013-0598-2

	109.	 Lalucat J, Bennasar A, Bosch R, García-Valdés E, Palleroni NJ. Biology of Pseudomonas stutzeri. Microbiol Mol Biol Rev. 2006;70(2):510–47. 
https://doi.org/10.1128/MMBR.00047-05 PMID: 16760312

	110.	 de Sousa LP. Mobile Genetic Elements in Pseudomonas stutzeri. Curr Microbiol. 2020;77(2):179–84. https://doi.org/10.1007/s00284-019-01812-7 
PMID: 31754823

	111.	 Khanolkar DS, Naik MM, Dubey SK. Biotransformation of Tributyltin chloride by Pseudomonas stutzeri strain DN2. Braz J Microbiol. 
2015;45(4):1239–45. https://doi.org/10.1590/s1517-83822014000400014 PMID: 25763027

	112.	 Kong J, Wang H, Liang L, Li L, Xiong G, Hu Z. Phenanthrene degradation by the bacterium Pseudomonas stutzeri JP1 under low oxygen condi-
tion. Int Biodeterior Biodegrad. 2017;123:121–6.

	113.	 Moscoso F, Deive F, Longo M, Sanromán M. Insights into polyaromatic hydrocarbon biodegradation by Pseudomonas stutzeri CECT 930: opera-
tion at bioreactor scale and metabolic pathways. Int J Environ Sci Technol. 2015;12(4):1243–52.

	114.	 Singh P, Tiwary B. Optimization of conditions for polycyclic aromatic hydrocarbons (PAHs) degradation by Pseudomonas stutzeri P2 isolated from 
Chirimiri coal mines. Biocatal Agric Biotechnol. 2017;10:20–9.

	115.	 Shimada K, Itoh Y, Washio K, Morikawa M. Efficacy of forming biofilms by naphthalene degrading Pseudomonas stutzeri T102 toward bioreme-
diation technology and its molecular mechanisms. Chemosphere. 2012;87(3):226–33. https://doi.org/10.1016/j.chemosphere.2011.12.078 PMID: 
22285037

	116.	 Mrozik A, Labuzek S, Piotrowska-Seget Z. Changes in fatty acid composition in Pseudomonas putida and Pseudomonas stutzeri during naphtha-
lene degradation. Microbiol Res. 2005;160(2):149–57. https://doi.org/10.1016/j.micres.2004.11.001 PMID: 15881832

	117.	 Kaczorek E, Sałek K, Guzik U, Jesionowski T, Cybulski Z. Biodegradation of alkyl derivatives of aromatic hydrocarbons and cell surface proper-
ties of a strain of Pseudomonas stutzeri. Chemosphere. 2013;90(2):471–8. https://doi.org/10.1016/j.chemosphere.2012.07.065 PMID: 22925424

	118.	 Li Q, Huang Y, Wen D, Fu R, Feng L. Application of alkyl polyglycosides for enhanced bioremediation of petroleum hydrocarbon-contaminated 
soil using Sphingomonas changbaiensis and Pseudomonas stutzeri. Sci Total Environ. 2020;719:137456. https://doi.org/10.1016/j.scito-
tenv.2020.137456 PMID: 32112951

	119.	 Parthipan P, Elumalai P, Sathishkumar K, Sabarinathan D, Murugan K, Benelli G. Biosurfactant and enzyme mediated crude oil degradation by 
Pseudomonas stutzeri NA3 and Acinetobacter baumannii MN3. 3 Biotech. 2017;7(1):1–17.

	120.	 Liao CS, Chen LC, Chen BS, Lin SH. Bioremediation of endocrine disruptor di-n-butyl phthalate ester by Deinococcus radiodurans and Pseudo-
monas stutzeri. Chemosphere. 2010;78(3):342–6. https://doi.org/10.1016/j.chemosphere.2009.10.020 PMID: 19959202

	121.	 Maier RM, Pepper IL. Bacterial Communities in Natural Ecosystems. In: Environmental microbiology. Academic Press; 2009. pp. 347-356.

	122.	 Liu Y, Huang YH, Lü H, Li H, Li YW, Mo CH, et al. Persistent contamination of polycyclic aromatic hydrocarbons (PAHs) and phthalates linked to 
the shift of microbial function in urban river sediments. J Hazard Mater. 2021;414:125416. https://doi.org/10.1016/j.jhazmat.2021.125416 PMID: 
33662795

	123.	 Gentry TJ, Pepper IL, Pierson LS. Microbial diversity and interactions in natural ecosystems. Environmental microbiology: Third edition. 
2015:441–60.

https://doi.org/10.2166/wst.2003.0071
https://doi.org/10.1007/s11356-022-23035-3
http://www.ncbi.nlm.nih.gov/pubmed/36166118
https://doi.org/10.1016/j.ecoenv.2019.02.055
http://www.ncbi.nlm.nih.gov/pubmed/30798184
https://doi.org/10.1016/j.procbio.2006.03.004
https://doi.org/10.1016/j.resmic.2011.12.003
https://doi.org/10.1016/j.resmic.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22202171
https://doi.org/10.1007/s00128-019-02699-7
http://www.ncbi.nlm.nih.gov/pubmed/31486911
https://doi.org/10.1007/s10098-013-0598-2
https://doi.org/10.1128/MMBR.00047-05
http://www.ncbi.nlm.nih.gov/pubmed/16760312
https://doi.org/10.1007/s00284-019-01812-7
http://www.ncbi.nlm.nih.gov/pubmed/31754823
https://doi.org/10.1590/s1517-83822014000400014
http://www.ncbi.nlm.nih.gov/pubmed/25763027
https://doi.org/10.1016/j.chemosphere.2011.12.078
http://www.ncbi.nlm.nih.gov/pubmed/22285037
https://doi.org/10.1016/j.micres.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15881832
https://doi.org/10.1016/j.chemosphere.2012.07.065
http://www.ncbi.nlm.nih.gov/pubmed/22925424
https://doi.org/10.1016/j.scitotenv.2020.137456
https://doi.org/10.1016/j.scitotenv.2020.137456
http://www.ncbi.nlm.nih.gov/pubmed/32112951
https://doi.org/10.1016/j.chemosphere.2009.10.020
http://www.ncbi.nlm.nih.gov/pubmed/19959202
https://doi.org/10.1016/j.jhazmat.2021.125416
http://www.ncbi.nlm.nih.gov/pubmed/33662795
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

