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Abstract

Burkholderia sp. SP4, isolated from agricultural soils, has a high capability of degrading di-2-ethylhexyl-phthalate (DEHP).
It degrades up to 99% of DEHP (300 mg 17!) in minimal salt (MS) media within 48 h without adding additionally auxiliary
carbon source. The optimal conditions for SP4 to degrade DEHP are determined to be at 35 °C and pH 6.0. Supplementation
of glucose (3.0 g 171, sodium dodecyl sulfate (SDS) (0.2%), peptone (0.5 g 171, or non-ionic surfactant Brij 35 (0.2%, 0.5%
or 1%) in MS-DEHP media increases the DEHP degradation activity. Furthermore, kinetic analyses for DEHP degradation
by SP4 reveals that it is a first-order reaction, and the half-life analyses also demonstrates that SP4 has a better degradative
activity compared to other previously identified microbes. By means of HPLC-ESI-QTOF-MS, the metabolic intermediates
of DEHP are identified for SP4, which include mono-2-ethylhexylphthalate (MEHP), mono-butyl phthalate (MBP), phthalic
acid (PA), salicylic acid (SA), and 4-oxo-hexanoic acid. The presence of SA indicates that SP4 can consume DEHP using a
dual biodegradation pathway diverged from the isomeric products of benzoate. Taken together, our study identifies a resilient
DEHP-degradable bacterium and characterizes a novel degradation pathway for DEHP biodegradation. We plan to build on
this finding in the context of removing DEHP from various environments.

Keywords Biodegradation - Bio-degradative pathway - Burkholderia sp. - Di-2-ethylhexyl phthalate - Endocrine-disruptor
chemical - Phthalate ester

Introduction

Phthalate esters (PAEs) are synthetic materials extensively
used as additives or plasticizers in the production of plastics
(Staples et al. 1997; Kashyap and Agarwal 2018). PAEs are
aromatic, colorless liquids with low volatility and solubility
in water (Clara et al. 2010; Tran et al. 2021). Since PAEs
are not covalently attached to the plastic milieu, they can
leach out of the products into the surrounding environment
(Adeniyi et al. 2011; Net et al. 2015). With high molecu-
lar weights and stabilities, these compounds are constantly
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detected in the environment, such as in samples taken from
landfill leachates (Zheng et al. 2007), sediments (Adeniyi
et al. 2011), soils (Tran et al. 2015b), natural water, riv-
ers (Tran et al. 2015a), and the atmosphere (Orecchio et al.
2013). Previous studies have indicated that some PAEs are
reproductive and progressive toxicants harmful to animals
and plants (Rhee et al. 2002; Liao et al. 2009) and con-
sidered as endocrine-disrupting chemicals (EDCs) that are
detrimental to human health (Meeker et al. 2009; Quintana-
Belmares et al. 2018; Wang et al. 2019). For these reasons,
concerns about PAEs production and their occurrence in
the environment have amounted to risk assessments being
conducted (Tran et al. 2022).

Di-(2-ethylhexyl) phthalate (DEHP) is one of the most
highly produced and widely used PAEs in the world (Huang
et al. 2008), and is found abundantly in the environment
(Clara et al. 2010). To have no observed effect, the con-
centration of DEHP must be 77 pg 17! in surface water
(Naito et al. 2006) and 470 pg kg~' dry weight in sediment
(Yang et al. 2018). Moreover, the environmental risk limit
for DEHP is 1000 pg kg™! fresh weight in soil (VanWezel
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et al. 2000). A survey of the distribution of DEHP in 14
samples of surface water and six samples of sediment in
Taiwan revealed that the average half-lives of DEHP in sedi-
ment were about 14.8 days in aerobic circumstances and
34.7 days in anaerobic circumstances, supporting the idea
that degradation of phthalates in the aerobic condition is
more effective than those in anaerobic conditions in soils,
sediments and sludge (Staples et al. 1997; Wang et al. 2000;
Yuan et al. 2002; Wang 2004).

PAEs in natural environments can be removed by hydrol-
ysis, photolysis, and microbial degradation (Staples et al.
2000), but with concern for chemical configuration, hydrol-
ysis and photolysis cannot effectively and stably remove
PAEs (Chen et al. 2009). Thus, removal of PAEs through
metabolism by microorganisms was suggested (Staples et al.
2000; Ren et al. 2018). Many different DEHP-degrading
bacteria have been isolated, including Arthrobacter sp. C21
(Wen et al., 2014), Pseudoxanthomonas sp. (Meng et al.,
2015), Rhizobium sp. LMB-1 (Tang et al., 2016), Acineto-
bacter sp. SN13 (Xu et al., 2017), Gordonia alkanivorans
(Nahurira et al., 2017), LF consortium (Li et al., 2018),
Rhodococcus ruber YC-YT1 (Yang et al., 2018), Rhodoc-
occus pyridinivorans XB (Zhao et al., 2018), Burkholderia
pyrrocinia B1213 (Li et al., 2019), Gordonia sp. SF (Huang
et al., 2019), Enterobacter spp. YC-IL1 (Lamraoui et al.,
2020), Ochrobactrum anthropi L1-W (Nshimiyimana et al.,
2020), and CM9 consortium (Bai et al. 2020). To under-
stand how microbial degradations of DEHP are accom-
plished, metabolic intermediates from the degradation
of DEHP are identified. As notably, the DEHP metabolic
route in microorganisms involves first hydrolyzing DEHP
into mono-(2-ethylhexyl) phthalate (MEHP), which is then
transformed into phthalic acid (PA) (Magdouli et al. 2013).
However, two recent studies showed that MEHP can be
primarily transformed into mono-butyl phthalate (MBP),
instead of being directly converted into PA in LF consor-
tium (Li et al. 2018) and Burkholderia pyrrocinia B1213 (Li
et al. 2019). Next, PA can be converted via two pathways:
(1) under aerobic conditions, it is converted to 4, 5-dihy-
droxyphthalate in Gram-negative bacteria or to 3, 4-dihy-
droxyphthalate by dioxygenase in Gram-positive bacteria, or
(2) under anaerobic conditions, to benzoate (Magdouli et al.
2013). Both routes generate protocatechuate (PCA) using
any of the aforementioned intermediary compounds, which
is subsequently converted into f-ketoadipate (Naumova et al.
1986; Magdouli et al. 2013). p-ketoadipate is then cleaved
and transformed into 4-oxo-hexanoic acid, which enters the
tricarboxylic acid (TCA) cycle to generate CO, and H,O (Li
et al. 2019). However, in the second pathway, with benzoate
as an intermediate, ortho-hydroxybenzoate [2-hydroxyben-
zoate, salicylic acid (SA)] can be derived, since the hydroxy-
lation of benzoate in microorganisms favors the ortho- and
para- positions (Omori and Yamada 1973). In one bacterium
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(Chen et al. 2007) and two fungi (Rocheleau et al. 2019;
Lubbers et al. 2021), SA is converted into B-ketoadipate, a
step-wise manner through intermediates such as catechol
and cis—cis muconic acid. Notably, each microbe may adopt
different pathways. Thus, the identification of degradation
metabolites and the annotation of the degradative pathway
are often performed when a new microorganism that can
biodegrade DEHP is discovered (Lamraoui et al. 2020).

In search for more microorganisms that can degrade
DEHP in the locally polluted environments in Taiwan, we
have isolated an indigenous bacterium Burkholderia sp. SP4
that degrades DEHP. In our study, we analyzed the envi-
ronmental factors and kinetics underlying the degradation
activities of the bacterium and also examined the degrada-
tion mechanism of SP4, which is likely to be a dual-degra-
dation route.

Materials and methods
Chemical reagents

Di(2-ethylhexyl) phthalate (DEHP), mono(2-ethylhexyl)
phthalate (MEHP), mono-butyl-phthalate (MBP), phthalic
acid (PA, phthalate), benzoic acid (benzoate), protocate-
chuate (PCA), salicylic acid (SA, salicylate), and 4-oxohex-
anoic acid, were manufactured from Sigma-Aldrich (St.
Louis, MO) and were purchased from Uni-Onward Co., Ltd.
(Taipei, Taiwan).

Bacteria isolation and culture conditions

Soil samples were collected from Taoyuan Tea Research &
Extension Station in Taoyuan City of Taiwan in the summer
of 2013. The soil type from this district is red-brown soils
with a topsoil of light clay loam. A total of five soil samples
were acquired from the top layer of soil at different sites in
the station. The criteria for picking sample collection sites
were based on extensive human activities that can lead to
potential plasticizer contaminations. The soil samples were
then inoculated for further enrichment into the mineral salt
(MS) media [1 g (NH,),SO,, 1 g NH,CONH,, 1 g KH,PO,,
0.1 g NaCl, 0.1 g MgSO,7H,0, 40 mg CaCl,, 40 mg
FeSO,7H,0, 10 mg CuSO,7H,0, 5 mg MnSO,H,0, 10 mg
ZnS0O,7H,0, 0.5 mg CoCl, 6H,0, 0.5 mg Na,MoO,2H,0,
and 0.01% Tween 20 per liter] supplemented with 100
mg 17! DEHP as the sole carbon source to enrich bacteria
that can utilize DEHP for growth (Latorre et al. 2012). The
enrichment cultures were incubated at 30 °C and agitated at
200 rpm. Two ml of the enrichments were used to inoculate
fresh media once every three days. The enrichment process
lasted for a month, and the final enrichment cultures were
directly streaked on the MS media plates supplemented with
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100 mg 1=! DEHP (MS-DEHP). The plates were incubated
at 30 °C for 2 days until the colonies appeared.

Identification and sequencing of 16S rDNA gene

The genomic DNA of the single purified colony of the
isolate from MS-DEHP media was extracted by Tissue &
Cell Genomic DNA Purification kit (GeneMark, Taiwan).
The 16S rDNA gene was PCR amplified using two univer-
sal primers, F8 (5'-AGAGTTTGATCCTGGCTCAG-3")
(Edwards et al. 1989) and R1492 (5'-GGTTACCTTGTT
ACGACTT-3’) (Stackebrandt and Liesack 1993). The PCR
amplification was executed in a Thermal cycler (TProfes-
sional thermocycler, Biometra, Germany). The PCR prod-
ucts were resolved in 1% agarose gel by electrophoresis
and DNA fragments of 16S rDNA were purified with an
innuPREP Gel Extraction kit (Analytikjena, Biometra, Ger-
many). Sequencing of the purified PCR products was carried
out at Genomics BioSci & Tech (Taipei, Taiwan) and the
16S rDNA sequence was submitted to GenBank with acces-
sion number KT306966. The sequencing results were ana-
lyzed using the NCBI BLAST. As compared with the known
bacterial 16S rDNA gene sequences in GenBank, nine 16S
rDNA sequences of the relative bacteria were retrieved and
aligned with that of the isolated bacteria by the tool of MUS-
CLE in MEGAI11 (Tamura et al. 2021). Phylogenetic trees
were then constructed using the neighbor-joining method
with MEGA11 software (Tamura et al. 2021). The bootstrap
values were indicated at the nodes with 1000 replicates.

Effects of environmental factors on DEHP
biodegradation by Burkholderia sp. SP4

The MS-DEHP liquid media at 35 °C, was used as a basic
growth condition to determine the DEHP degradation ratio
by Burkholderia sp. SP4. The growth condition of SP4 in
MS-DEHP media was modified from the previous study
(He et al. 2013). 100 ml MS media supplemented with 300
mg 17! or 100 mg 1-! DEHP in a 250 ml Erlenmeyer flask,
were used for batch culture. By centrifugation (8,000 rpm,
10 min), the overnight bacterial cultures in LB were col-
lected and the cell pellets were rinsed by MS media twice
followed by re-suspending in MS media. One mililiter of the
washed overnight cultures was distributed into 100 ml fresh
MS-DEHP media. At time O and every 24 h for 4 days, the
bacterial growth in MS-DEHP was indicated by measuring
ODy, and then 1 mL of the bacterial cultures in MS-DEHP
(300 mg 17") were harvested for DEHP extraction. Bacterial
cells and cell debris in the supernatant were removed by
centrifugation followed by filtration using a 0.22 pm syringe
filter. For extraction of DEHP residuals, an aliquot (1 ml)
of the resultant filtrates was mixed with an equal volume
of ethyl acetate and the mixture was vigorously shaken for

about 20 min. After centrifugation at 12,000 rpm for 10 min,
the upper layer was collected and the rest solution was again
extracted using an equal volume of ethyl acetate. The final
collected top layer solution was evaporated and dried,
which was then dissolved in methanol for HPLC analyses.
The environmental features chosen to assess their effects on
DEHP degradation in MS media with 100 mg 1-! DEHP at
a 200 rpm shaking rate are temperature (15, 20, 25, 30, 35,
40 or 45 °C), initial pH value (3,4,5,6,7,8,9, 10or 11),
carbon or nitrogen source [glucose, peptone, yeast, sodium
acetate or mannite by three various applications (0.5 g 17!,
15¢g 17 or 3.0 g 1™Y] and surfactants [Sodium dodecyl sul-
fate (SDS), Triton X-100, Brij 35 and Tween 80] by three
various applications [0.2%, 0.5% or 1.0% (v/v)]. After 48 h
growth, the samples were collected as above for extraction
of DEHP. The DEHP degradation ratio for each sample was
determined by the following equation: DEHP degradation
ratio (%) = [the initial concentration of DEHP—DEHP con-
centration of a single sample]/the initial concentration of
DEHP x 100.

HPLC analytical methods

An aliquot of each sample was separately subjected to HPLC
analysis. A Purospher® STAR RP-18e (250 4.6 mm, 5 pm)
chromatography column was equipped in the machine. To
detect DEHP, chromatography was executed under the fol-
lowing condition: temperature of 40 °C, a UV wavelength of
228 nm, the methanol: water (95:5, v/v) of mobile phase and
1 ml/min of a flow rate. The retention time for DEHP was
6 min. All measurements were accomplished on triplicate
and the mean values and standard deviations were calculated
for data analyses.

Degradation efficiency with different initial
concentrations of DEHP and the identification
of the intermediates during DEHP degradation

Various initial concentrations (100, 300, 500, 700 or 900
mg 17!) of DEHP in MS media were prepared for investiga-
tion of the consumption ability toward DEHP by SP4 using
the procedures described above. To analyze the intermedi-
ate compounds during DEHP degradation by SP4, the final
extracted samples were dissolved in methanol and the result-
ing suspension of each sample was applied to a high reso-
lution HPLC-ESI-TOF-MS spectrometry device. Here, an
HPLC (UltiMate 3000 Series system, DIONEX Technolo-
gies, Sunnyvale, CA, USA) equipped with a time-of-flight
mass-spectrometer (Maxis, Bruker Daltonik, Bremen, Ger-
many) was used for detection of the chemical compounds
derived from degradation of DEHP by SP4. The detection
procedures were modified according to the reference (Lee
et al. 2015). Accordingly, a reverse phase column (Atlantis
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T3 Column, 2.1 mm X 100 mm, 3 pum particle size) was used
for the analyses. The mobile phase was a gradient prepared
from 0.1% formic acid in water (component A) and methanol
(component B). The gradient program for the HPLC was as
follows: 0-3 min, 10% B; 3—6 min 100% B; 6-6.5 min 100%
B; 6.5-13 min 10% B, and the flow rate was 0.3 mL/min. The
injection volume was 10 pl and the column temperature was
40 °C. Mass spectra in the m/z range 50—1500 were obtained
by the use of electrospray ionization in the positive-ion mode.
The mass spectrometric conditions were optimized as follows:
gas temperature 180 °C, drying gas flow rate 9.0 1/min, nebu-
lizer gas pressure 3.0 bar, and capillary 4500 V. The mass axis
was calibrated using 0.01 N lithium formate as an internal
calibration solution. Acquired data were analyzed by Bruker
Compass Data Analysis (version 1.1).

Statistical analysis

Data shown in this study are mean + standard deviation (SD)
of three replicates from one of at least three independent
experiments. Statistical analysis of degradation ratio for
DEHP was determined by Student’s 7-test, and the difference
was considered significant when one-tailed tests resulted in
a p-value less than 0.05.

Results

Identification of the DEHP-degrading bacterium
isolated from agricultural soils

To isolate possible DEHP-degrading bacteria, soil samples
were collected and inoculated in MS medium with DEHP
as the primary carbon source. After a month of enrichment
in which the culture was re-inoculated every three days, we
isolated a bacterium that could grow on MS-DEHP media,
but not on MS medium only. Identical colony morphology
on MS-DEHP medium plates after serial transferring indi-
cated that a single strain of bacterium was isolated. The 16S
rDNA fragment of this bacterial strain was PCR-amplified
and sequenced. We found that the isolated bacterium shared
more than 95.3% 16S rDNA pairwise sequence similari-
ties with bacteria from Burkholderia spp. Analyses of the
neighbor-joining phylogenetic tree and the estimation of
evolutionary discrepancy revealed that no definitive species
match the isolated bacterium (Fig. S1). Hence, this bacterial
strain was designated Burkholderia sp. SP4.

Degradation curve of DEHP and growth curve of SP4
strain in MS-DEHP medium

To explore whether SP4 directly degrades DEHP or not, the

decreasing concentration of DEHP and the growth phase of
SP4 were simultaneously measured in MS-DEHP medium
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at different time intervals. As shown in Fig. 1a, within 24 h,
SP4 degraded about 73% of DEHP (with an initial concen-
tration of 300 mg 17!) and within 48 h, approximately 99%
of DEHP was consumed. Within 72 h, the concentration of
DEHP decreased to less than 2 mg 1~!. Meanwhile, faster
growth of SP4 was observed when DEHP was degraded at
a higher rate within 24 h, while bacterial growth slowed
down when the DEHP-degradation rate dropped after 24 h.
To verify that the decrease of DEHP was not due to exterior/
denatured proteins of the inoculum bacteria, DEHP concen-
trations in MS media inoculated with sterilized SP4 were
determined. As shown in Fig. 1b, DEHP contents did not
decrease significantly in MS-DEHP medium with sterilized
SP4 inoculation. In addition, since 0.01% Tween 20 was
used in the initial DEHP stock to assist the solubilization
of hydrophobic DEHP, the growth of SP4 in MS medium
containing 0.01% Tween 20 was measured to verify whether
SP4 could utilize this trace carbon source for substantial
growth. As a result, the biomass of SP4 did not increase dur-
ing the incubation time (data not shown). Therefore, 0.01%
Tween 20 was not capable of supporting the growth of SP4.

Influences of temperature, pH, various carbon
sources and surfactants on DEHP degradations

It is known that temperature and pH have effects on the deg-
radation of phthalate by microorganisms (Ren et al. 2018).
We assessed the degradation ability of SP4 with 100 mg 17!
of DEHP in MS medium at various temperatures and pH val-
ues. The degradation ratio of SP4 increased with increasing
temperature between 15 °C and 35 °C and maintained above
50% between 20 °C to 35 °C. However, at 40 °C and 45 °C,
the DEHP degradation ratio of SP4 declined significantly,
and less than 30% of DEHP was degraded (Fig. 2a). In terms
of the optimal pH, DEHP degradation ratios increased with
increasing initial pH values and presented the highest with
the initial pH of 6. When the initial pH value was equal or
higher than 7, the degradation activity decreased (Fig. 2b).
Based on these results, we performed subsequent experi-
ments at 35 °C and at the initial pH of 6.

A previous study has demonstrated that an addition of
yeast extracts (1% w/v) as auxiliary materials in growth
media is necessary for significant DEHP-degrading activi-
ties in bacterium B. pyrrocinia B1213 (Li et al., 2019).
We therefore examined whether the supplementation of
other carbon or nitrogen sources can enhance degradation
activity of SP4 and found that glucose at a concentration
of 3.0 g 17! and peptone at a concentration of 0.5 g 17!
enhances DEHP degradation activity. However, other car-
bon sources seemed to have no significant effects (Fig. 2¢).
Since addition of surfactants could improve the solubility
of DEHP in media, we also examined the effects of sur-
factants on DEHP degradation by SP4. DEHP degradation
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Fig. 1 Degradation of DEHP by Burkholderia sp. SP4. a Degradation
curve of DEHP and growth curve of Burkholderia sp. SP4 in MS-
DEHP (initial concentration as 300 mg 17"). The line with black cir-
cles represents the residual concentrations of DEHP in the presence
of SP4 at different time points (0, 24, 48, and 72 h). The line with

activity slightly increased in the presence of non-ionic sur-
factant Brij 35 and anionic surfactant 0.2% SDS; however,
DEHP degradation activity decreased with increasing SDS
concentration or with Triton X-100 and Tween 80 at all

triangles represents the growth curve (ODg,) of SP4. Error bars rep-
resent standard deviations of the means. (b) DEHP concentration (ini-
tial 300 mg 17!) in MS media inoculated with sterilized SP4 (100 °C
boiling) was detected by HPLC-ESI-QTOF-MS on day 0 and day 4.
Significant DEHP compound signals are indicated

concentrations used (Fig. 2d). From our data, SP4 did not
necessarily require additionally specific carbon or nitrogen
sources or certain surfactants; its intrinsic DEHP degrada-
tion ability was already significant.
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Fig. 2 Effects of environmental factors on DEHP degradation by Bur-
kholderia sp. SP4. Effects of different A temperatures, B pH values,
C carbon sources: glucose, peptone, yeast, sodium acetate, or man-
nite (0.5 g 17115 g 17! or 3.0 g 1_1), and D surfactants: SDS, Tri-
tonX-100, Brij35, or Tween 80 [0.2%, 0.5% or 1.0% (v/v)] on degra-

Effects of initial DEHP concentrations
and biodegradation kinetics of DEHP by SP4 strain

To characterize the DEHP degradation ability of SP4, espe-
cially for high concentrations of DEHP, we prepared MS
media supplemented with different initial concentrations of
DEHP (100, 300, 500, 700, or 900 mg 1_1) and determined
residual DEHP concentrations by HPLC-ESI-QTOF-MS at
different time points after incubation with SP4. As shown in
Fig. 3, at all five initial concentrations, the residual DEHP
concentration decreased rapidly with the incubation time.
Without an apparent lag phase, DEHP with different initial
concentrations were effectively consumed by SP4 before
72 h, including the one with the highest initial concentra-
tion of 900 mg 1! (Fig. 3). Degradation kinetics for SP4 was
determined to be a first-order reaction with the following
equation: In C=-Kt+ A, in which C is the concentration
of DEHP; K is the first-order rate constant; t is the reac-
tion time; and A is a constant value, respectively. Half-life
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for DEHP degradation can then be determined by the for-
mula: t;,, =1n2/K, where t,,, denotes the half-life. Table 1
represents the kinetic equations and the half-lives of DEHP
degradation by SP4 against the various initial concentra-
tions aforementioned. Compared with similar degradation
kinetics by other DEHP-degrading bacteria, SP4 presented
a better DEHP degradation ability. For example, Ochrobac-
trum anthropi L1-W degraded DEHP at 200 mg 1~ for 72 h
(Nshimiyimana et al. 2020), but SP4 degraded the higher
concentration of DEHP (300 mgl_l) within 48 h.

Identification of the diverse metabolites
from degradations of DEHP by SP4 strain using
HPLC-ESI-QTOF-MS analyses

The significant DEHP-degrading activity of SP4 may result
from a special degradation pathway. To determine the path-
way used by SP4 for DEHP degradation, we identified the
degradation intermediates by HPLC-ESI-QTOF-MS. Data
of mass measurements were listed in Table 2. First, MEHP
(m/z 279.1599), generally considered to be the first prod-
uct of DEHP degradation, was identified (Fig. 4a). MBP
(m/z 223.0980), the novel intermediate recently identified
in DEHP degradation of B. pyrrocinia B1213 and bacte-
rial consortium (Li et al. 2018, 2019) was also identified
(Fig. 4b), indicating that SP4 adopted this bio-conversion
in which MEHP was first converted to MBP. Next, PA (m/z
167.0333) in the classic DEHP degradation pathway was
identified (Fig. 4c). Notably, SA (m/z 139.0401), the inter-
mediate that does not belong to the classic pathway of Gram-
negative bacteria under aerobic conditions, was identified in
the mass measurements (Fig. 4d). Finally, 4-oxo-hexanoic

Table 1 DEHP degradation kinetics equation in different initial con-
centrations

Initial (mg/1) Kinetics equation Half-life (h)
100 InC=- 0.0980t+4.7788 7.07
300 InC=- 0.0784t+5.7430 8.84
500 InC=- 0.0708t+6.6274 9.79
700 InC=- 0.0592t+6.7652 11.71
900 InC=- 0.0607t+6.9776 11.42

acid (m/z 131.0699), a late product of DEHP degradation
was identified (Fig. 4e).

As noted, 4-oxo-hexanoic acid and SA are the intermedi-
ates of two distinct pathways. The coincidental yet signifi-
cant appearance of both intermediates in DEHP-degradation
of SP4 indicates that SP4 may use two routes for DEHP
biodegradation: SP4 may convert PA into benzoate, which
subsequently converts to SA and 4-hydroxybenzoate, in
addition to the classic conversion of PA to PCA (Fig. 5). To
demonstrate again the existence of SA and other intermedi-
ates, Thin-Layer-Chromatography (TLC) was used to isolate
the intermediate compounds, MEHP and SA, in the samples
after incubation of SP4 in MS-DEHP (1 g 17! media (Fig.
S2). Additionally, DEHP gradually decreased over time,
while MEHP and SA both increased and accumulated. These
results confirm that SA is indeed a key intermediate during
DEHP degradation by SP4 and suggest that SP4 possesses
dual pathways for DEHP degradation.

Discussion

One of the major ways of degrading PAE in the environment
is through metabolic catabolism of PAE by microorganisms.
Unlike di-ethyl phthalate (DEP) and di-butyl phthalate
(DBP), which have smaller alkyl chains more susceptible
to microbial degradation, DEHP with its extensive alkyl
chain is difficult to degrade (O'Grady, et al. 1985; Wang
et al. 2000; Chang, et al. 2004). Hence, DEHP prevails in
the environment, leading to toxic accumulation that conveys
reproductive toxicity in humans and animals (Talsness et al.
2009). In this study, we identified a new DEHP-degrading
microorganism, Burkholderia sp. SP4, isolated from agricul-
tural soils. We demonstrated that SP4 is highly effective in
biodegrading DEHP, motivating us to characterize it further.

SP4 was isolated from soil samples. To ensure effective
isolation (Gu 2018, 2021), MS medium with DEHP as the
major carbon source was used for bacterial enrichment. The
additional carbon source, if at all possible in this case, would
be the Tween 20 that was added to aid the DEHP dissolu-
tion, and the overall concentration did not exceed 0.01%. In
our growth test, 0.01% Tween 20 in MS medium could not
support the growth of SP4 (data not shown); so DEHP in

Table2 HPLC-ESI-QTOFMS

A Acronym compound Elemental formula Experimental ~ Calc. m/z Error (ppm) RT (min)

full scam acquisition for mass (m/z)

the identification of DEHP

biodegradation intermediates in - \EHP C,Hy0, 279.1599 279.1590 322 4.40

() ESI MBP C,H,,0, 223.0980 223.0964 7.17 3.80
PA CgHO, 167.0333 167.0338 -2.99 6.80
Salicylic acid C;HO4 139.0401 139.0389 8.63 3.35
4-Oxo-hexanoic acid ~ C¢H,,O; 131.0699 131.0702 —-2.29 2.50
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Fig.5 Proposed DEHP-degradation pathways by Burkholderia sp. SP4. The intermediate compounds listed with square brackets were detected
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the medium should account for the sole carbon source. SP4
has been selectively enriched in this process for its potent
DEHP-degrading capacity. On the other hand, the sterilized
SP4 could not minimize the DEHP contents in MS-DEHP
medium (Fig. 1b). Our results show that the decrease in
DEHP contents observed in the medium with live SP4 was
caused by the biodegradation and biotransformation of SP4
itself.

SP4 was determined to have maximum activity at 35 °C
(Fig. 2a) and at pH range 5 to 6 (Fig. 2b); the former is simi-
lar to the previously identified toxic chemicals degrading
microbes, including DEHP-degrader (Nomura et al. 1992;
Jin et al. 2012; Nahurira et al. 2017). SP4 in the batch cul-
ture removed about 99% DEHP at an initial concentration of
300 mg 17! within 48 h (Fig. 1). This degradation activity is
better than that of the other bacteria. For example, Sphingo-
monas sp. DK4 and Corynebacterium sp. O18 only degraded
11.5 and 11.2% of DEHP (100 mgl™!), respectively, within
168 h (Chang et al. 2004). Although Rhizobium sp. LMB-1
and Acinetobacter sp. SN13 degraded 88% and 90% of
DEHP (100 mgl™!), 120 h was required in both cases (Tang
et al. 2016; Xu et al. 2017). Moreover, Ochrobactrum
anthropi L1-W removed 98.7% of DEHP (200 mgl™") but
only at 72 h (Nshimiyimana et al. 2020). Finally, since Bur-
kholderia sp. B1213 (Li et al., 2019) required yeast extracts
for the biomass growth, it is not applicable for comparing the

efficiency of DEHP degradation between SP4 and B1213.
However, compared with the above other DEHP degrad-
ers, SP4 has an exceptional capability to metabolize DEHP.
According to our result, SP4 could even degrade DEHP at
concentration as high as 1g1~! (Fig. S2).

To determine the degradation of DEHP at high concentra-
tions, surfactants such as Tween 20 are added to ensure the
DEHP solubility. If additional surfactants were added, low-
concentration SDS and Brij 35 increased the degradation
rate of SP4, whereas Triton X-100 and Tween 80 negatively
impact the DEHP degradation activity (Fig. 2d). The nega-
tive effects of Triton X-100 and Tween 80 may be caused by
their toxicity towards SP4, as SP4 grows less in such media.
Assisted by the surfactant Tween 20, we were able to deter-
mine the kinetics of SP4 in degrading high concentrations
of DEHP (from 100 to 900 mgL ") (Fig. 3). In our results,
SP4 used a first-order kinetic reaction for DEHP degradation
(Fig. 3; Table 1), which might be one of the causes of its
high degradation efficiency. In the example of B. pyrrocinia
B1213, an apparent lag phase was observed in its biodegra-
dation curve for DEHP (Li et al. 2019). Considering that B.
pyrrocinia B1213 required yeast extract as auxiliary material
in the medium, its more complex degradation pattern may
reflect the fact that the bacteria need to digest yeast extracts
for enrichment before degrading DEHP. In contrast, SP4 can
degrade DEHP directly. The O. anthropi L1-W bacterium
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also uses the first-order kinetic reaction for DEHP degrada-
tion (Nshimiyimana et al. 2020). However, SP4 has a shorter
half-life for degrading DEHP, at 8.84 h with an initial con-
centration of 300 mgl~!, compared to a half-life of 11.26 h
for O. anthropi L1-W in degrading DEHP (Nshimiyimana
et al. 2020).

Finally, we identified the intermediates derived from the
degradation of DEHP by SP4 in order to characterize the
degradation pathway. SP4 first degraded DEHP into MEHP
(Fig. 4a) and, similar to B. pyrrocinia B1213 (Li et al.,
2019), converted MEHP to MBP (Fig. 4b), likely based on
the p-oxidation as well. Mass determination further identi-
fied PA (Fig. 4c) and the end product 4-oxo-hexanoic acid
(Fig. 4e) of the classic bio-degradation pathway of Gram-
negative bacteria under aerobic conditions. However, SA
was identified as one of the intermediates (Fig. 4d), indicat-
ing that another pathway exists in the DEHP degradation of
SP4. We speculate that SP4 can convert PA into benzoate,
in addition to the conversion of PA to PCA (Fig. 5). Since
the hydroxylation of benzoate in microorganisms favors
the ortho- and para- positions (Omori and Yamada 1973),
SP4-derived benzoate may be converted to para-hydroxy-
benzoate (4-hydroxybenzoate) and ortho-hydroxybenzoate
(SA, 2-hydroxybenzoate). A dual pathway is then adopted:
in one route, 4-hydroxybenzoate is converted to PCA; and
in another route, SA may be transformed into catechol and
subsequently cis-cis muconic acid. Our speculation is sup-
ported by our finding that SP4 can grow independently in
MS medium supplemented with either phthalate, benzoate,
or PCA (Table S1, compared to Escherichia coli BL21 that
could not grow in the MS medium supplemented with these
compounds), indicating its physiological ability to metab-
olize any of these compounds for biomass production. In
one bacteria and two fungi, -carboxy-cis, cis muconic acid
or cis, cis-muconic acid, is ultimately cleaved to produce
B-ketoadipate (Xu et al. 2017; Rocheleau et al. 2019; Lub-
bers et al. 2021) and then possibly converted into 4-oxo-hex-
anoic acid (also identified in reports by Xu et al. 2017 and Li
et al. 2019) for entering the TCA cycle with the production
of CO, and H,0. Given the identification of 4-oxo-hexanoic
acid (Fig. 4e), SP4 may also possess a similar conversion
route. However, during the stepwise conversion of PA to
4-oxo-hexanoic acid, the aforementioned microbes all adopt
a single pathway, whereas SP4 is highly likely to utilize the
dual degradation pathway diverged from benzoate for its
biomass growth.

In order to adopt the dual pathway, SP4 may possess
enzymes such as 1-monooxygenase or 2, 3-dihydroxy-
benzoate decarboxylase, that convert SA or 2, 3-dihy-
droxybenzoate intermediate, respectively, into catechol
(Rocheleau et al. 2019; Lubbers et al. 2021); a catechol 1,
2-dioxygenase that converts catechol to cis—cis muconic
acid as reported in Burkholderia cepacia (Ngoc Thi et al.,

@ Springer

2020); and likely enzymes similar to that found in Strep-
tomyces niger, such as catechol 1, 2-dioxygenase (for
degrading catechol compound derived from benzoate and
SA) and protocatechuate 3, 4-dioxygenase (for degrad-
ing PCA compound derived from para-hydroxybenzoate)
(Grund et al. 1990). Future studies will focus on discover-
ing these enzymes in the DEHP-degradation pathways of
SP4 to support its degradative mechanisms and the devel-
opment of its application on environmental remediation.
Given the dual pathway, SP4 may possess broad substrate
specificity (Huang et al. 2019), which will also be con-
firmed by the identification of the degradative enzymes.

Conclusions

Our study identifies a DEHP-degrader bacterium, Burk-
holderia sp. SP4, which is newly isolated from agricultural
soils. Compared to the previously isolated DEHP-degrad-
ing microbes, SP4 exhibits significantly higher activ-
ity for DEHP degradation. Moreover, SP4 can degrade
DEHP without adding yeast extracts that are obligatory
for other DEHP-degradable Burkholderia spp. Uniquely,
the identification of intermediates proposed a novel dual
pathway for DEHP degradation by SP4, which is very
different from the single degradative pathway normally
found in DEHP-degrading microbes. Our study not only
demonstrates a highly effective DEHP-degradable bacte-
rium that has potential for environmental remediation but
also deepens the understanding of DEHP biodegradation
of bacteria.
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