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Abstract
Di-(2-ethylhexyl)-phthalate (DEHP) is the phthalate ester frequently utilized as a plasticizer, commonly
found in cosmetics, packaging materials, moreover, it has carcinogenic and mutagenic effect on humans.
In the current study, we isolated the soil bacterium Rhodococcus aetherivorans PFS1 and to assess its
DEHP degradation ability in various environmental conditions. The strain PFS1 was isolated from paddy
�eld soil and identi�ed by the 16S rRNA sequencing analyses. The strain PFS1 was examined for its
biodegradation ability of DEHP at various pH, temperature, salt concentration, glucose concentration, and
high and low concentration of DEHP. Moreover, the biodegradation of DEHP at a contaminated soil
environment by strain PFS1 was assessed. Further, the metabolic pathway of DEHP degradation by PFS1
was analyzed by HPLC-MS analysis. The results showed that the strain PFS1 effectively degraded the
DEHP at neutral pH and temperature 30 °C, moreover, expressed excellent DEHP degradation at the high
salt concentration (up to 50 g/L). The strain PFS1 was e�ciently degraded the different tested phthalate
esters (PAEs) up to 90%. Signi�cantly removed the DEHP contamination in soil along with native
organisms which are present in soil up to 94.66%, nevertheless, the PFS1 alone degraded the DEHP up to
87.665% in sterilized soil. According to HPLC-MS analysis, DEHP was degraded into phthalate (PA) by
PFS1 strain via mono (2-ethylehxyl) phthalate (MEHP), then PA was utilized for cell growth. These results
suggest that R. aetherivorans PFS1 has excellent potential to degrade DEHP at various environmental
conditions especially in contaminated paddy �eld soil.

Introduction
Phthalate esters (PAEs) are water-insoluble organic substances, extensively utilized as a plasticizer in
polyvinyl chloride (PVC) to increases their plasticity [Heudorf et al., 2007; McCombie et al., 2017]. Due to
their xenoestrogenic effect, PAEs are listed as endocrine-disrupting chemicals (EDCs), moreover, it was
reported that the PAEs has teratogenicity, carcinogenicity, mutagenicity effect on humans [Sarath Josh et
al., 2014]. PAEs are mainly bound with the speci�c receptor of the endogenous hormones or hindering
their metabolism [Craig et al., 2011]. The release and accumulation of PAEs in the environment cause
serious environmental and health problems in humans and also hazardous to the aquatic biota [Meng et
al., 2014; Zeng et al., 2008a].

The main source of PAEs contamination in arable agricultural land is anthropogenic activities such as the
application of agrochemicals [Wang et al, 2013a; Guo and Kannan, 2012], use of wastewater for
irrigation, biosolids management and agricultural �lms usage [Wang et al., 2013b]. The greenhouse �lms
and soil mulching covers contain PAEs, which lead to PAE contamination in agricultural soils. The
accumulation of dibutyl phthalate and diethylhexyl phthalate in the agricultural soil where greenhouse
practiced are higher than those in non-greenhouse practiced soil [Wang et al., 2002]. The amendment of
pesticides and herbicides is one of the main origins of PAEs contamination in agricultural soil [Johnsen
et al., 2001]. The PAEs do not only leach from packages of fertilizers, also used as a solvent material in
many fertilizers [Wang et al., 2013b]. Previously it was reported that the 22 widely used fertilizers contain
the PAEs ranging from 1.2 to 2795 μg/kg [Mo et al., 2008]. The concentration of PAEs in agricultural soils
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is increased according to the amount of fertilizers used [Zorníková et al., 2011]. In paddy soils, the
amount of PAEs contamination was increased when it was amended with the chemical fertilizers, as well
in Ipomoea aquatica shoots which grown along with paddy [Cai et al., 2005]. The uptake of PAEs by the
crops was found to be positively correlated with the amount of PAEs contamination in agricultural soil
[Yin et al., 2003]. This information is about the PAEs contamination in agricultural soils that needs to be
considered when chemical fertilization practices.

DEHP is one of the major PAE extensively used as a plasticizer and reported as a hazardous compound
by the European community and the United States Environmental Protection Agency [Dargnat et al., 2009;
Gao et al., 2004]. Hydrolysis, photolysis, adsorption and biodegradation are the currently available
methods to remove the DEHP contamination from the environment, however, the removal of the DEHP
from the soil before it enters into the plant, animal and human tissue is important [Chen et al., 2009;
Lertsirisopon et al., 2009; Julinova 2012; Benjamin et al., 2015]. Because of DEHP's low hydrolysis and
photolysis ratio, microorganisms were commonly used to remove DEHP pollution. Several reports are
evidenced that, different bacterial strains can remove the DEHP contamination from the environment. As
well as several bacterial strains with DEHP degrading ability were isolated from various environment,
such as Rhodococcus sp. [Dargnat et al., 2009], Gordonia sp. [Nahurira et al., 2017], Pseudomonas sp.
[Zeng et al., 2004], Sphingomonas sp. [Chang et al., 2004], Arthrobacter sp. [Wen et al., 2015],
Achromobacter sp. [Benjamin et al., 2016], Microbacterium sp. [Chen et al., 2007], Pseudoxanthomonas
sp. [Meng et al., 2015], Gordonia sp. [Yan et al., 2014], Acinetobacter sp. [Xu et al., 2017], Bacillus sp. [Qin
et al., 2007] etc. However, most of the isolated DEHP degrader can degrade only not more than eight kinds
of PAEs. Thus, the �nding of strain that can degrade the PAEs under hard conditions is important to
eliminate the DEHP contamination from the complex environments. Hence, the current study designed to
investigate the DEHP biodegradation ability of soil bacteria belonging to the genus Rhodococcus,
isolated from paddy �eld soil under various optimized conditions and contaminated soil environment,
and also investigated the different PAEs utilization ability of isolated strain.

Materials And Methods
Chemicals

Di-(2-ethylhexyl) phthalate (DEHP), and other PAEs such as Dimethyl phthalate (DMP), Diethyl phthalate
(DEP), Dibutyl phthalate (DBP), Butyl benzyl phthalate (BBP), Dicyclohexyl phthalate (DCHP), Dipropyl
phthalate (DPrP), Mono (2-ethylehxyl) phthalate (MEHP), Dihexyl phthalate (DHP), Di-n-heptyl phthalate
(DHPP), Di-n-octyl phthalate (DOP), Phthalate acid (PA), Salicylic acid (SA) and Benzoic acid (BA) used in
the present study were purchased from SIGMA-ALDRICH Chemical Reagent Co., Ltd.

Isolation and identi�cation of DEHP-degrading bacterial strain

The soil samples from the paddy �eld were collected from Peruvarappur village (11°26’50’’ N, 79°27’58’’
E), Cuddalore district, Tamilnadu, South East India. The bulk soil samples were collected in sterile
polyethene cover in triplicate, immediately transferred into the laboratory. In addition, 1 g of soil (wet
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weight) was applied to a 100 mL of basal medium containing MgSO4.7H2O 0.2 g/L, CaCl2 0.001 g/L,
FeSO4.7H2O 0.001 g/L, KH2PO4 1.5 g/L, (NH4)2SO4 2.0 g/L, Na2HPO4.12H2O 1.5 g/L in double-distilled
water [pH 7.0] supplemented with 100 mg/L of DEHP. Then the �ask was kept for 7 days at 30 °C in a
shaking incubator at 180 g. The DEHP concentration was gradually increased from 100 to 600 mg/L in
the basal medium after six rounds of acclimation. For enrichment technique, Luria-Bertani (LB) medium
containing NaCl 10.0 g/L, yeast extract 5.0 g/L, peptone 10.0 g/L and agar 15 g/L was used. After
inoculation into solid LB medium, the plates were cultured at 30 °C for 48 h and the DEHP tolerance
single bacterial colonies were puri�ed by streaking on LB plates. Further, each isolated bacterial strain
was examined for its DEHP degradation e�cacy, the strains were inoculated in basal medium
supplemented with 100 mg/L DEHP then incubated for 48 h at 30 °C. The potential isolated strain which
showed maximum growth in the basal medium was named PFS1. The residual DEHP concentration in
the basal medium was analyzed by gas chromatography. All experimental sets were performed in
triplicate [Ting et al., 2018].

The morphological and biochemical characteristics of the PFS1 strain was studied with the BIOLOG
Micro-station (BIOLOG Inc., Hayward, CA, USA) [Pigeot-Rémy et al., 2012]. The genomic DNA of the PFS1
strain was extracted with a DNA isolation kit (OMEGA BioTek, Norcross, GA, USA) according to the
guidelines of the kit provider. The universal primers 27F (50-AGAGTTTGATCCTGGCTCAG-30) and 1492R
(50-GGTTACCTTGTTACGACTT-30) were used for ampli�cation of the 16S rRNA gene. The strain's
nucleotide sequences were deposited in GenBank (Ass. No: MK031168) and matched to query sequence
using the basic local alignment search method (BLAST). MEGA 6.0 was used to construct a phylogenetic
tree using the neighbour-joining algorithm [Tamura et al., 2013].

Effect of pH, temperature and salinity on DEHP degradation

The single factor optimization experimentations were carried to assess the optimized conditions for
effective DEHP biodegradation by PFS1 strain. The different pH ranges (4, 5, 6, 7, 8, and 9), different
incubation temperatures (10, 20, 30,40, 50 and 60 °C) and different salinity (1, 3, 5, 7, 10, 15, 20, 25, 40
and 50 g/L NaCl) in basal medium enriched with 100 mg/L of DEHP. All experimental sets were kept in a
shaker (180 rpm) for 72 h. All studies were repeated in triplicate, and after 72 hours, the remaining DEHP
content was calculated using GC analyses.

Effect of inoculum size on DEHP degradation

This is important to check the appropriate inoculum size for the effective degradation of DEHP. Therefore,
the effect of different PFS1 (1 × 105) inoculum size (1, 2, 3, 4, 5, 6, 7, 8, 9 and 10%, v/v) on degradation of
DEHP (100 mg/L) was examined under optimized conditions. After 48 h of experiments, the aliquots were
analyzed in triplicate by GC.

Effect of maximum and minimum DEHP concentration on DEHP degradation
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DEHP concentration in natural environments is very low. Thus, it is necessary to assess the
biodegradation ability of strain at low and high concentration of DEHP. To assess the biodegradation
e�cacy of PFS1 strain at maximum and minimum concentration of DEHP, the test was performed with
the various initial DEHP concentrations (min, 0.5, 1, 2, 5, and 10 mg/L; max, 50, 100, 150, 200, 400, 600,
800 and 1000 mg/L). After 72 h, the degradation rate was measured by calculating the concentration of
DEHP by GC.

Substrate utilization test

The utilization of different PAEs and some organic compound by the test organism is important to
validate the effectiveness of the strain under complex PAEs contaminated environment. The isolated
PFS1 was cultured in 20 mL basal medium amended with 100 mg/L of subsequent PAEs as the sole
carbon source: DEHP, DMP, DEP, DBP, BBP, DCHP, DPrP, DAP, DHP, DHPP, DOP, PA, SA and BA. All
experimental setups were carried out in three replicates and kept for 72 h at 30 °C.

Biodegradationof DEHP in contaminated paddy �eld soil

The biodegradation potential of the PFS1 strain was characterized in a paddy �eld soil sample collected
from where the strain was isolated. To abolish the inherent effects of DEHP, the concentration of DEHP in
the collected soil sample was analyzed and calculated. The physico-chemical characteristics of the
collected soil sample as detailed in Table 1. Totally, 4 treatment such as treatment 1: non-sterile soil,
inoculated with 1 × 107 cells/mL of PFS1 strain, treatment 2: non-sterile soil, without inoculum, treatment
3: sterile soil, inoculated with 1 × 107 cells/mL of PFS1 strain, and treatment 4: sterile soil, without
inoculum, was maintained under arti�cial light condition (16;8, light and dark). In treatment 1 and
treatment 2, the soil samples were maintained without sterilization to assess the DEHP degradation
e�ciency of strain PFS1 along with native microorganisms, however, in treatment 3 and treatment 4, the
soil samples were sterilized by autoclave before inoculation of PFS1 strain to avoid the inherent effect of
native microorganisms in DEHP degradation. The cell suspension of strain PFS1 (1 × 107 cells/mL) was
prepared and inoculated into the soil by drip irrigation method. Treatment 2 and treatment 4 was served
as a control for treatment 1 and treatment 3, respectively. All experiments were maintained at 30 °C and a
60% water-holding capacity for 7 days. After incubation, the concentration of DEHP in soil was measured
and calculated according to the method described previously [Ren et al., 2016].

Analysis of DEHP degradation pathway

In all degradation experiments, the concentration of residual PAE intermediates was scrutinized using GC
(GC-2010 SHIMADZU, Kyoto, Japan) analyses. In brief, the extraction of cultures was done with an equal
volume of n-hexane and obtained organic base was centrifuged for 5 min at 10000 g. The residual DEHP
and its intermediates degraded by strain PFS1 were determined by HPLC-MS analyses [Chang et al., 2004;
Zhang et al., 2016].

Results
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Isolation and Identi�cation of DEHP degrading bacterium

The strain PFS1 was isolated from a soil sample collected from the paddy �eld, and it is more e�cient for
DEHP-degrading. It is a rod-shaped gram-positive bacterium and forms smooth, lustrous, and orange
color colonies on plates containing solid LB medium (Fig. 1). Form the obtained nucleotide sequences of
strain PFS1, the neighbour-joining algorithm phylogenetic tree was constructed (Fig. 2), which showed
that the strain PFS1 was classi�ed Rhodococcus species and it has 99% similarity with
Rhodococcusaetherivorans strain 10bc312 16S ribosomal RNA gene, partial sequence (GenBank:
NR_025208). From this, the isolated PFS1 strain was identi�ed as Rhodococcusaetherivorans based on
16S rRNA gene sequence analysis.

Effect of pH and temperature on degradation of DEHP

The in�uence of pH on the biodegradation of DEHP by PFS1 strain was analyzed by a single factor
optimization study. The maximum DEHP degradation was observed at pH 6 to 9 and DEHP was almost
degraded completely after 72 hours of incubation. It revealed that the strain PFS1 degraded the DEHP
effectively under the alkaline condition when compared with the acid condition. These degradation
patterns suggested that alkaline pH is more appropriate for DEHP degradation than acidic condition. The
signi�cance of these results, from pH 6.0 to 9.0 showed good DEHP degradation e�ciency, which is
effective than the pH 4.0 to 5.0, suggesting that the optimal pH for DEHP biodegradation by PFS1is 6.0 to
8.0 (Fig. 3A). The DEHP degradation e�cacy of strain PFS1 was assessed at different temperature (10 to
60 °C). The degradation patterns suggest that the ideal temperature for DEHP degradation was 30 °C and
lower temperatures showed less favourable for DEHP degradation (Fig. 3B). Under the optimized pH (7),
temperature (30 °C) and DEHP concentration (100 mg/L), the DEHP degradation by strain PFS1 was
signi�cantly increased, then absolutely degraded after 72 h of incubation (Fig. 4).

Effect of salinity on DEHP degradation

The salinity is comparatively high in industrial wastewater, which discorded in the environment and
possibly it reached to arable agricultural land. Here, the biodegradation ability of PFS1 was evaluated at
different salt concentration. The DEHP degradation at various salt concentration revealed that the strain
PFS1 could withstand a tested maximum salinity up to 50 g/L. The degradation patterns showed that the
maximum DEHP degradation of 88.6±2.4% was noticed at 5 g/L after 72 h of incubation. In higher
salinity (10-50 g/L), the DEHP degradation rate was comparatively less than the lower salinity (1-7 g/L)
after 12 h of incubation, however, it was increased while extending the incubation period up to 72. The
results suggest that the PFS1 strain was potentially applicable for the treatment of wastewater without
desalination (Fig 5). 

Effect of inoculum size on DEHP Degradation

After 48 h of the experiment, the DEHP biotransformation was signi�cantly increased with increasing
inoculum size of strain PFS1. The degradation amount of 57.3% at 1% of inoculum size was observed,
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further, the degradation ratio was signi�cantly increased with increasing the inoculum size. Moreover, the
maximum DEHP degradation of 91% was observed at 10% of inoculum size. When the inoculant size was
above 5%, the DEHP removal was reached about 87% (Fig. 6).

Maximum and minimum DEHP concentration for biodegradation by PFS1

It is necessary to determine the biodegradation potential of strain PFS1 at low and high concentration of
DEHP. The strain PFS1 could grow and effectively reduce the DEHP at a very high and low concentration
of DEHP in the liquid medium. The strain PFS1 was actively degraded at the concentration of 5 mg to 10
mg of DEHP above 91%, however, at the higher concentrations, the maximum degradation of DEHP above
92% was noticed at 50 mg to 400 mg concentration of DEHP (Fig. 7A & B). These result of DEHP
degradation patterns signi�es that the strain PFS1 was actively regraded the DEHP at 5 mg/L to 400
mg/L concentration of DEHP.

PAEs utilization by the strain PFS1

Different PAEs and organic compounds are present in the contaminated soil along with DEHP, hence, the
analyses of PAEs utilization by the strain PFS1 was important to completely remove the DEHP
contamination from the soil environment. The strain PFS1 possess the active degradation ability of
different PAEs and organic compounds in the liquid medium. The strain PFS1 effectively degraded all
tested PAEs at above 90% except DMP and DHP phthalate esters. While, PFS1 was actively degraded the
organic compounds such as PA, SA and BA. These results showed that the PFS1 was almost completely
degraded the PAEs, moreover, effectively degraded the major intermediates of PAEs, including PA, BA, SA
(Fig. 7C).

DEHP degradation by PFS1 in contaminated paddy �eld soil

The DEHP degradation e�ciency of PFS1 strain in a contaminated paddy �eld soil under 16;8, the light
and dark cycle was evaluated. In treatment 1, which inoculated with PFS1 strain in non-sterilized soil
showed maximum amount of (94.66%) DEHP degradation, whereas, 48.56% of degradation was
observed in treatment 2 which the non-sterilized soil maintained without inoculation. However, treatment
3 which inoculated with PFS1 strain in sterilized soil showed the DEHP degradation of 87.66%, whereas,
the degradation of DEHP was recorded as 12.13% in treatment 4 which maintained the sterilized soil
without inoculum of PFS1 strain. These results signify that the strain PFS1 has signi�cantly removed the
DEHP contamination in soil along with native organism up to 94.66%, however, the PFS1 alone in
sterilized soil degraded the DEHP up to 87.66 (Fig. 8).

DEHP Degradation Pathway

The possible pathway of DEHP degradation by the PFS1 strain was determined based on the HPLC
analyses. The peaks at 277, 165, and 121 m/z are corresponding to MEHP, PA, and BA, correspondingly
(Fig. 9). From this, it was con�rmed that the strain PFS1 might use these molecules as a sole carbon
source. In this study, MEHP was formed from DEHP through Hydrolyzation, then PA was formed, further,
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PA was decarboxylated to form BA, which was further exploited for cell proliferation through the benzoic
acid degradation pathway (Fig. 10).

Table 1. Physico-chemical characteristics of collected soil sample

Source Salinity
(%)

pH TOC (g/kg) TN (g/kg) TP (g/kg) DEHP
concentration
(mg/kg)

Paddy
�eld

4.64±0.34 7.1±0.84 16.75±2.43 2.16±0.43 0.43±0.094 0.53±0.045

TOC: Total organic carbon, TN: Total nitrogen, TP: Total phosphorus.

Discussion
Microbial bioremediation of pollutants is a possible way to restore our polluted environment, especially
the terrestrial ecosystem. Recently, many bacterial species with effective PAEs degradation ability were
reported. Gordonia sp. exhibited great degradation potential on the DBP and DOP [Jin et al., 2012; Jin et
al., 2013]. Wang et al. [Wang et al., 2015] reported the DEHP degradation ability of
Rhodococcusgloberulus WJ4, similarly, Lu et al. [Lu et al., 2009] examined the DMP, DEP and DBP
degradation potential of Rhodococcus sp. L4. The soil bacterium Bacillus subtilis was exhibited the great
biodegradation of DBP, DEP, DPP, DPrP up to 99% in the soil environment [Quan et al., 2005]. Among the
various DEHP degraders, Rhodococcus species are the most successful candidates with the excellent
ability to degrade the DEHP [Kuyukina and Ivshina 2010]. To thrive in polluted environments, most DEHP
degrading bacterial strains may change their cell wall and membrane compositions [De-Carvalho, 2010].
In the present study, we isolated effective DEHP degrading bacterial strain Rhodococcusaetherivorans
PFS1 from chemical fertilizers and pesticides practiced paddy �led soil. In general, several microbial
strains were identi�ed from various environments such as river basins, agricultural soil, garden soil,
wetlands, etc. Micro and macro plastic debris are the major pollutants in the soil and aquatic ecosystems,
moreover, the accumulation of plastic debris in domestic or industrial e�uent makes it di�cult to treat
due to its high salinity (about 5000–6000 mg/L NaCl) [Wu et al., 2008a & b]. Previous reports revealed
that the DEHP is a dominant PAE contaminated in various environments [Mackintosh et al., 2006; Cai et
al., 2008; Meng et al., 2014], besides, the DEHP is among the most commonly produced PAE and used as
a plasticizer [Vitali et al., 1997].

In our study, the strain PFS1 showed excellent tolerance capacity at higher salinity and showed effective
DEHP degradation. Several studies showed that the optimum pH and temperature are a signi�cant aspect
of the microbial biotransformation of DEHP [Ren et al., 2018 & 2016]. Strain PFS1 showed the effective
DEHP degradation at high salinity condition, which may minimize the desalinization process waste
remediation, or when it applicable in wastewater irrigated agricultural soil for DEHP degradation. Effective
microbial biotransformation is usually mediated by the microbial enzymes, which is active under neutral
or slight acidic/alkaline condition [Jin et al., 2012; Nomura et al., 1992]. Most of the identi�ed DEHP
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degrading bacterial isolates such as Arthrobacter sp. C21 [Wen et al., 2014], Sphingomonas sp. PA-02
[Zeng et al., 2008b], Gordonia sp. Dop5 [Sarkar et al., 2013], and Rhodococcus WJ4 [Wang et al., 2015],
showed the high degradation potential at pH 7.0, however, showed negligible tolerance at high or low pH.
However, the strain PFS1 exhibited greater DEHP degradation activity from pH 6.0 to 10.0, which is better
than pH 4.0 to 5.0. These results suggest that the strain PFS1 is suitable for DEHP degradation at
alkaline pH and high salinity. Strain PFS1 also exhibited effective DEHP degradation ability at 30 °C. The
high-temperature tolerance capacity of strain PFS1 was consistent with the Gordoniaalkanivorans YC-
RL2 [Nahurira et al., 2017] and Bacillussubtilis 3C3 [Navacharoen and Vangnai, 2011], which able to
degrade DEHP at 50 °C. These obtained results indicate that the strain PFS1 was effective to degrade the
DEHP in the contaminated environment under various environmental condition.

The degradation of PAEs is mainly involved by the degradation of individual substrates of PAE, as well as
these PAE substrates are appeared as a mixture in the environment. The coexistence of PAE substrates in
the environment may limit the degradation capability of individual PAE degraders to each substrate,
resulted in an attenuated biodegradation process [Desai et al., 2008]. Hence, the evidence concerning the
simultaneous PAEs degradation is necessary for the selection and application of e�cient microbial strain
to the bioremediation purpose. In this study, the strain PFS1 was effectively degraded almost all the
tested PAE substrates above 90% except DMP and DHP phthalate esters. The slightly slowed degradation
rate of DPP, DBP, and BBP in the substrate mixture condition suggested that substrate competition was
affecting their biodegradation [Navacharoen and Vangnai, 2011].

The PA is the main intermediate in PAEs biotransformation including DEHP [Liang et al., 2008], which is a
recalcitrant substrate that is supposed to cause kidney damage and cancer [Tan et al., 2013]. Indeed, not
all bacteria can perform the transformation of DEHP to the intermediates like PA or BA. For instance, the
strain Gordonia sp. Dop5 failed to utilize PA [Sarkar et al., 2013]. The strain PFS1 can completely degrade
12 out of 14 tested PAEs. The long-term exposer to a lower concentration of DEHP can cause serious
health problems in humans [Hsu et al., 2016]. A lower concentration of DEHP in the environment is
di�cult to degrade by bacteria, as the concentration is not appropriate for the bacterial growth, or do not
induce the expression of the responsible functional genes [Ren et al., 2018; Ren et al., 2016]. The
assessment of the degradation ability of microbes at a high concentration of pollutions is important
[Nahurira et al., 2011; Ren et al., 2016]. In the present study, the strain PFS1 showed an excellent growth
rate at high and low concentration of DEHP and also exhibited greater degradation at the DEHP
concentration ranged from 5 mg/L to 400 mg/L.

This is important that the assess the DEHP biodegradation ability of strains at the contaminated
environment. Microbial remediation, in comparison to other approaches, will irreversibly depolymerize the
composition of contaminants in the setting [Meehan et al., 2000; He et al., 2018,63]. In our study, the
strain PFS1 showed 87.66% of DEHP degradation in contaminated soil after 7 days of incubation. The
microbial pathway of DEHP degradation has been determined that the DEHP completely de-esteri�es to
form PA [Liang et al., 2008]. In our study, we observed the metabolic intermediates of PAEs such as MEHP,
BA, and PA during the degradation of DEHP by strain PFS1. Initially, MEHP was formed from DEHP
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through Hydrolyzation, then PA was formed, further, PA was decarboxylated to form BA [Liang et al.,
2008]. BA was used to produce phenol and catechol through ring hydroxylation or -oxidation, which were
then metabolised in the tricarboxylic acid (TCA) cycle. [Zeng et al., 2002]. A similar pathway was
proposed earlier reports; the strains of Gordoniaalkanivorans YC-RL2 [Nahurira et al., 2017],
Pseudomonas�uorescens FS1 [Zeng et al., 2004], and Microbacterium sp. CQ0110Y [Chen et al., 2007].

Conclusion
The e�cient DEHP degrading bacterial strain PFS1 was isolated from paddy �eld soil and identi�ed as
Rhodococcusaetherivorans by the 16S rRNA gene sequencing. The strain PFS1 effectively degrade the
DEHP at pH 7.0 and temperature 30 ◦C, moreover, exhibited signi�cant DEHP degradation at a slight
alkaline condition than acidic condition. Remarkably, PFS1 degrades the vast range of PAEs (12/14),
moreover, PFS1 exhibited great DEHP degradation in contaminated soil environment. These results
suggest that strain PFS1 displays effective potential for the biotransformation of DEHP in contaminated
soil settings to restore the soil fertility and quality.
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Figure 1

Puri�cation and colony appearance of strain PFS1 on solid Luria-Bertani medium (A). Gram staining and
microscopical observation of strain PFS1 (B). Examination of primary DEHP degradation by isolated
strains in basal medium supplemented with 100 mg/L DEHP (C).
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Figure 2

Phylogenetic analysis of strain PFS1 based on 16S rRNA gene sequence analysis. The tree was
constructed by the neighbour-joining algorithm method. The scale bar equals 0.005 changes per
nucleotide position.
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Figure 3

Effect of initial medium pH on DEHP degradation by the isolated strain PFS1 (A). Effect of incubation
temperature on DEHP degradation by the isolated strain PFS1 (B). the �nal concentration of DEHP in the
medium was calculated after 72 h of the experiment. Error bars indicate standard deviations of the mean
of three replicates.
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Figure 4

DEHP degradation rate and cell growth of strain PFS1 under optimized conditions of pH and temperature.
Error bars indicate standard deviations of the mean of three replicates.
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Figure 5

Effect of different NaCl concentration (salinity) on DEHP degradation by strain PFS1. Error bars indicate
standard deviations of the mean of three replicates.
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Figure 6

Effect of different initial inoculum size on DEHP degradation by strain PFS1. Error bars indicate standard
deviations of the mean of three replicates.
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Figure 7

Effect of initial low DEHP concentration (0.5-10 mg/L) on DEHP degradation by strain PFS1 (A). Effect
initial high DEHP concentration (50-1000 mg/L) on DEHP degradation by strain PFS1 (B). Individual PAEs
degradation e�cacy of strain PFS1 (C). Error bars indicate standard deviations of the mean of three
replicates.
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Figure 8

DEHP degradation e�cacy of strain PFS1 in contaminated paddy �eld soil. non-sterile soil, inoculated
with 1 × 107 cells/mL of PFS1 strain, treatment 2: non-sterile soil, without inoculum, treatment 3: sterile
soil, inoculated with 1 × 107 cells/mL of PFS1 strain, and treatment 4: sterile soil, without inoculum. Error
bars indicate standard deviations of the mean of three replicates.
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Figure 9

HPLC-MS analysis results of DEHP degradation intermediates. The elevated peaks at 277, 165, and 121
m/z are corresponding to Mono (2-ethylehxyl) phthalate (MEHP), Phthalate acid (PA) and Benzoic acid
(BA), respectively.
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Figure 10

The proposed degradation pathway of DEHP. DEHP was hydrolyzed to phthalic acid (PA) via the
intermediate MEHP, further BA was formed from PA via Decarboxylation, then BA was metabolized for cell
growth through the benzoate metabolism pathway.


