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Abstract. Organophosphate flame retardants (OPFRs) are increasingly being used in industrial
applications and are often released into the environment, causing potential risks to human health.
Therefore, in this study, wastewater samples from To Lich River contaminated with OPFRs were
collected and enriched in a medium supplemented with OPFRs to isolate bacterial strains
capable of degrading OPFRs. As a result, 10 bacterial strains were isolated and identified based
on 16S rRNA gene sequence analysis. These bacterial strains belong to the genera
Achromobacter, Pseudomonas, Bordetella, and Rhizobium. All 10 bacterial strains exhibited the
ability to degrade some OPFRs, but only two strains, Achromobacter sp. BWTL6 and Rhizobium
sp. BWTLY7, effectively degraded all 5 tested OPFRs. These two bacterial strains demonstrated
the capability to degrade more than 70 % of tris(1,3-dichloro-2-propyl)phosphate (TDCPP) (at
10 mg/L concentration) within 7 days. Furthermore, both Achromobacter sp. BWTL6 and
Rhizobium sp. BWTL7 were able to utilize tris(2-chloroethyl) phosphate (TCEP), triethyl
phosphate (TEP), tris(2-butoxyethyl) phosphate (TBEP), and trimethyl phosphate (TMP) for
bacterial growth, and OPFR removal rates ranging from 40 to 58 %. In addition, bacterial strain
Bordetella sp. BWTL3 degraded 61.5 % of TDCPP and 97.7 % of TBEP after 7 days of culture.
In this study, all two bacterial strains belonging to the Achromobacter and Rhizobium are
potential candidates for remediation of environments contaminated with OPFRs.

Keywords: ~ Achromobacter, Rhizobium, tris(1,3-dichloro-2-propyl)phosphate  (TDCPP),  tris(2-
butoxyethyl) phosphate (TBEP), tris(2-chloroethyl) phosphate (TCEP).

Classification numbers: 3.1.1.
1. INTRODUCTION
Organophosphorus Flame Retardants (OPFRs) are known as additives in manufacture of

plastics and flame retardants, commonly applied in construction materials, household products,
and different industries [1, 2]. Due to their excellent fire-retardant properties, good physical and
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chemical properties, OPFRs are incorporated into flammable materials to prevent combustion
and slow down the spread of flames after ignition [3]. OPFRs are commonly used extensively in
the production of flame retardants, plasticizers, antifoaming agents, lubricants, and hydraulic
fluids in various industries, including plastics, furniture and decorative materials, building
materials, textiles, and electronic equipment [4, 5]. OPFRs are considered emerging pollutants
due to their increasing widespread use as flame retardants in recent years, followingthe phase-
out of certain brominated flame retardants (polybrominated diphenyl ethers - PBDES) due to
their environmental persistence, biotoxicity, and bioaccumulation [4]. Based on their different
functional groups, organophosphate esters (OPES), which are chemical components of OPFRs,
can be classified into halogenated and non-halogenated OPEs. Halogenated OPES, such as tris(2-
chloro-1-methyl ethyl) phosphate (TCPP), tris(1,3-dichloro-2-propyl)phosphate (TDCPP), and
tris(2-chloroethyl) phosphate (TCEP), have been banned or restricted in products for children
and residential upholstered furniture in the United States [6]. In Europe, restrictions on the use of
TDCPP and TCPP have also been enacted due to their their carcinogenic potential [7]. The
restrictions on halogenated OPEs have promoted the development of non-halogenated OPEs,
including tris(2-butoxyethyl) phosphate (TBEP), triisobutyl phosphate (TiBP), tris(n-butyl)
phosphate (TnBP), and trisphenyl phosphate (TPhP) [8, 9].

OPEs are incorporated into polymer materials through physical blending rather than
chemical bonding, which makes them easily released into the surrounding environment through
evaporation, abrasion, and dissolution [10]. Indeed, OPEs have been detected in a variety of
environments, including air, water, sediment, dust, and soil [11]. In addition, OPEs have been
detected in animals, plants, and even in hair and nails, urine, and breast milk [12, 13]. Prolonged
exposure and accumulation of OPEs including TBEP, TnBP, TPhP, and other OPEs in the human
body can cause various adverse effects, including nephrotoxicity, neurotoxicity, reproductive
toxicity, carcinogenicity, and endocrine disruption [14, 15]. In the natural environment (water,
air, and soil), chlorinated OPEs exhibit high persistence and low degradation capability [8, 16-
18]. Biological treatment is considered a suitable approach for effectively removing undesired
OPEs, being cost-effective and environmentally friendly [19]. Several bacterial species,
including Citrobacter sp., Serratia odorifera, Rhodopseudomonas palustris, Providencia sp.,
Delftia sp., Klebsiella pneumoniae, and Sphingobium sp., have been studied for their ability to
degrade TnBP [20-27]. Brevibacillus brevis is known to have the capability to degrade TPhP and
tricresyl phosphates [28].

In recent years, the rapid pace of urbanization and industrialization, coupled with a lack of
effective waste control and treatment measures, especially in wastewater treatment plants, has
resulted in water pollution in Hanoi, particularly an increasing contamination of surface water
with OPFRs [29]. Truong et al. (2013) have determined the pollution of OPFRs such as TCEP,
TCPP, TDCPP, TnBP, TBEP, TPhP and diphenyl phosphate (DPhP) in surface water samples in
To Lich River, with concentrations ranging from 24 to 1950 ng/L. Therefore, the main objective
of this study is to isolate effective microbes for bioremediation of OPFRs. This study aims to
provide new insights into the degradation efficiency of OPFRs by potential microbial strains.

2. MATERIALS AND METHODS
2.1. Materials
Two surface water samples (L1: 21°02'04" N, 105°48'21" E and L2: 21°02'26" N,

105°48'16" E) were collected from To Lich River within the urban area of Hanoi to isolate
bacterial strains capable of degrading OPFRs.
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Seven standard OPFRs, including trimethyl phosphate (TMP), triethyl phosphate (TEP),
tris(2-ethylhexyl) phosphate (TEHP), TBEP, TPhP, TCEP, and tris(1,3-dichloro-2-
propyl)phosphate (TDCPP), were supplied by Dr. Ehrenstorfer (LCG, Germany). Surrogate
standard (TEP-d15, phosphoric acid tripropyl ester-d21, phosphoric acid tributyl ester-d27,
triphenyl phosphate-d15, and tris(2-ethylhexyl) phosphate-d51) were provided by Toronto
Research Chemicals Inc. (Canada). In this study, analytical grade methanol was supplied by
Merck (Germany). All glassware was cleaned and rinsed with solvent before use. Methanol was
used to prepare the mixed stock solution (containing all analytes at a concentration of 4000
mg/L) and standard curve solution (1-100 ug/L) used for analyzing the concentrations of the
OPFRs. The prepared mixed stock solution was stored at -20°C.

2.2. Methods
2.2.1. Sampling method

Water samples were collected into dark glass bottles. All sampling equipment was pre-
rinsed with ethanol, distilled water, and acetone before use and then rinsed three times with
water samples before collection. Single-use gloves were used during the sampling process. The
collected samples were stored at 4 °C for further studies.

2.2.2. Isolation of bacteria capable of degrading OPFRs from water and sediment samples
collected from To Lich River

Ten grams of wastewater samples collected from To Lich River were transferred into 250
ml Erlenmeyer flasks containing 90 ml of modified A-Cl medium. The medium consisted of
glucose 10 g/L, (NH4),SO, 1 g/L, MgSQ,4.7H,0 0.2 g/L, Ca(NO3),.4H,0 0.032 g/L, yeast extract
0.5 g/L, and 1 ml/L of trace element solution, with a pH of 7. The trace element solution consists
of 500 mg FeS0,.7H,0, 143 mg MnS0O,.2H,0, 22 mg ZnS0,.7H,0, 12 mg C0oS0,.7H,0, 3 mg
CuSQ,4.5H,0, 2.3 mg Na,WQ,.2H,0, and 2 mg Na,Mo00,.2H,0 dissolved in 1 liter of distilled
water [30]. The enrichment culture samples were simultaneously supplemented with seven
OPFRs including TMP, TEP, TEHP, TBEP, TPhP, TCEP, and TDCPP (10 mg/L of each OPFRs).
These compounds were added as a source of carbon and phosphorus in the culture flasks, which
were then shaken at 150 rpm at 30°C for 10 days. After 10 days, the 1 enriched culture samples
(10% v/v) were transferred to Erlenmeyer flasks containing 90 ml of fresh modified A-ClI
medium supplemented with the OPFRs. The cultures were incubated under the same conditions
as mentioned above. After another 10 days, 10 ml of these cultures (2™ enrichments) were then
transferred into 90 ml fresh modified A-CI medium added with OPFRs described above. The 3"
enrichments steps were carried out the same way as was done for the 2™ enrichments. Finally,
the 3" enriched culture was spread onto A-Cl agar plates containing 2 mg/L of each OPFRs as
the sole phosphorus source. The A-Cl agar plates were then incubated at 30°C until colonies had
formed. After pure-colony isolation, these isolated bacteria were stored at —80°C in 30%
glycerol.

2.2.3. Bacterial identification

The total DNA of the bacterial strains was extracted using the ABT kit (ABT Solutions
LLC, Vietnam) following the manufacturer's instructions. A partial sequencing of the 16S rRNA
gene with a size of approximately 1500 bp was amplified using the primer pair 8F (5'-
AGAGTTTGATCCTGGCTCAG-3') and 1512R (5'-ACGGYTACCTTGTTACGACTT-3") [31]
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as described previously. Reactions were performed in a PCR G-STORM (England). PCR
products were purified and sequenced by Macrogen Europe. These sequences were compared to
known 16S rRNA gene sequences available on the GenBank database using BLAST searches at
the National Center for Biotechnology Information (https://blast.ncbi. nlm.nih.gov/Blast.cgi).
The sequences were aligned and a phylogenetic tree was visualized using the MEGA version 7
software by the neighbor-joining method [32]. The nucleotide sequences of the isolated bacterial
strains were registered on the NCBI gene bank. The nucleotide sequences of the partial 16S
rRNA gene for the 10 bacterial strains BWTL1, BWTL2, BWTL3, BWTL4, BWTL5, BWTLS,
BWTL7, BWTLS8, BWTL9, and BWTL10 have been deposited in GenBank under accession
numbers ranging from OR481672 to OR481681.

2.2.4. Degradation of OPFRs by isolated bacterial strains

Isolated bacterial strains were inoculated into A-Cl medium and shaken at 150 rpm, 30 °C
for 24 hours to increase biomass growth. Subsequently, the cell culture broth was centrifuged
(6000 rpm for 3 min), and washed three times with A-ClI medium. The bacterial culture
supernatant (OD600 ~ 0.2) was added to a 100 ml Erlenmeyer flask containing 40 ml of A-CI
medium supplemented with 10 mg/L of each OPFRs as the sole phosphorus source to evaluate
the degradation of OPFRs in 7 days of cultivation. Control sample contains only medium and
OPFRs at the same concentrations. The experiments were conducted in triplicate. Culture
samples were taken at day 0, 1, 3, 5 and 7 to determine the concentration of OPFRs and cell
growth rates at OD 600 nm. The optical density at a wavelength of 600 nhm (OD600) of the
culture medium was measured using a Hitachi UV-2900 spectrophotometer (Hitachi, Japan) to
determine bacterial density.

2.2.5. Quantification of OPFRs

An UHPLC system (UltiMate 3000+, Thermo Scientific, MA, USA) in combination with a
MS/MS spectrometer (APl 3200, Applied Bio-System/MDS SCIEX, USA) were applied to
analyze OPFRs group in this study. Acclaim Mixed-Mode HILIC column (2.1 mm x 150 mm, 5
um, Thermo Fisher) was selected to separate the target analytes. The column chamber
temperature was maintained at 35 °C. The mobile phase consisted of two channels, channel A
(ultrapure water) and channel B (Acetonitrile). The mobile phase flow rate was 0.3 mL/min. The
solvent gradient program was illustrated as follows: hold 30 % channel B for the first 5 min,
increase linearly to 70 % channel B at 8 min, increase rapidly to 100 % channel B at 13 min,
then gradually reduce to only 30 % channel B at 15 min, maintain up to 20 min before the next
sample injection. In MS/MS detector, the positive electrospray ionization [33] mode and
multiple reaction monitoring (MRM) mode were employed. The optimal key parameters include
ion spray voltage of 5000 V, collision gas pressure of 0.02 MPa, sheath gas pressure of 0.18
MPa and auxiliary gas pressure of 0.22 MPa. The source temperature was set at 400 °C.
TraceFinder 4.0 software was applied to process the data set.

2.2.6. Statistical analysis
Data and statistical analyses were performed using Excel 2013 and GraphPad Prism 8.0.2.

All of the experiments were performed in triplicate, and the data are expressed as means +
standard deviation. One-way analysis of variance (ANOVA) was used to determine the
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significant differences between values, followed by Dunnett’s T3 multiple comparison test. A
probability of p < 0.05 was considered significant.

3. RESULTS AND DISCUSSION
3.1. Isolation and selection of bacteria capable of degrading OPFRs

From collected wastewater samples of To Lich River, bacterial strains capable of utilizing
OPFRs were isolated by the enrichment method on A-CI medium supplemented with OPFRs.
Microbial consortia growth on agar plates were then separated into pure strains, and bacterial
morphology was observed.

Ten microbial strains isolated on agar plates have different colony morphologies. The
majority of colonies were morphologically similar and could be divided into four main groups
according to diameter: groups 1 - 1.5 mm in diameter has a round shape, smooth border, slightly
convex surface, and creamy-white color (denoted as BWTL1, BWTL3); group 2 - 4 mm in
diameter has the round shape, smooth surface, slight convexity and milky to creamy yellow
color (denoted as BWTL4, BWTL6, BWTL7, BWTLS); the 2 - 5 mm diameter group has the
round shape, flat and matte surface with irregular, creamy-yellow edges (denoted as BWTL2,
BWTL10) and the 2-6 mm diameter group has the round shape, slightly rough, flat, sparkling
surface, and a cloudy creamy-white color (denoted as BWTL5, BWTLDY).

3.2. Classification of isolated bacterial strains based on 16S rRNA gene sequence

In Figure 1, it can be observed that bacterial strains BWTL2, BWTL4, BWTL5, BWTLD9,
and BWTL10 are clustered together on a common branch, indicating their close genetic
relationship with the genus Pseudomonas. Further comparison of GenBank data reveals that the
16S rRNA sequences of these strains exhibit a 99 % similarity to the following Pseudomonas
species: Pseudomonas sp. RKKPA 5 (OR268212.1), Pseudomonas resinovorans S12
(KT380602.1), Pseudomonas nitroreducens D-3 (KC625329.1), Pseudomonas sp. BZ19
(MW578879.1), and Pseudomonas aeruginosa PaSal910 (OR261093.1). Consequently, these
bacterial strains are named as follows: Pseudomonas sp. BWTL2, Pseudomonas sp. BWTL4,
Pseudomonas sp. BWTL5, Pseudomonas sp. BWTLY, and Pseudomonas sp. BWTL10. The
BLAST results indicated that bacterial strain BWTL3 has a 98% similarity to Bordetella petrii
BjF2 (KP259605.1) and Bordetella muralis T6220-3-2b (NR 145920.1).Therefore, the bacterial
strain BWTL3 is named Bordetella sp. BWTL3. The comparison of 16S rRNA gene sequences
also reveals that two bacterial strains, BWTL1 and BWTLS, have high similarities of 99% and
98%, respectively, with Achromobacter xylosoxidans SH29B (KT337529.1) and Achromobacter
xylosoxidans (MW177949.1). Accordingly, these bacterial strains are named Achromobacter sp.
BWTL1 and Achromobacter sp. BWTL6, respectively. The phylogenetic tree (Figure 1)
indicates that bacterial strains BWTL7 and BWTL8 have 99 % similarity with Rhizobium sp.
FPK12 (MT949891.1) and Rhizobium sp. R3-74 (JQ659640.1). Based on the BLAST results and
the close relationship shown on the phylogenetic tree, it can be concluded that bacterial strains
BWTL7 and BWTLS8 belong to the genus Rhizobium and are named Rhizobium sp. BWTL7 and
Rhizobium sp. BWTLS, respectively.

Microbial biodegradation are often employed to remediate environments contaminated with
OPFRs. Bacterial strains belonging to genera such as Brevibacillus, Sphingomonas,
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Sphingopyxis, Rhodococcus can degrade some OPFRs through biodegradation processes.
Specifically, the genus Pseudomonas has been studied and confirmed to be able to utilize TnBP
as a phosphorus source for its growth and the degradation of OPFRs [34, 35]. In addition,
Chaudhari et al (2012) studied the degradation of TnBP compound using free and immobilized
cells of Pseudomonas pseudoalcaligenes MHF ENV. Immobilization of Pseudomonas
pseudoalcaligenes MHF ENV onto agarose increased the degradation rate of TnBP by 2.8 times
compared to non-immobilized cells. The degradation efficiency reached 96%, and the
degradation rate was 100.8 mg/L.h at a flow rate of 21 mL/ h [34]. The identification of the 10
bacterial strains, isolated from water samples contaminated with OPFRs from To Lich River in
Hanoi, suggests their potential utility in the remediation of environments polluted with OPFRs.
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Figure 1. Phylogenetic tree of isolated bacterial strains. Bootstrap values greater than 50% are displayed at
the nodes.

3.3. Degradation of OPFRs by isolated bacterial strains

The growth of the 10 isolated bacterial strains on A-Cl medium supplemented with 10 mg/L
of each OPFRs is presented in Figure 2. In general, all 10 bacterial strains exhibited increased
cell biomass after 7 days of cultivation, with optical densities at 600 nm ranging from 0.432 to
1.718. The bacterial strain Achromobacter sp. BWTL6 achieved the highest cell biomass with an
OD 600 nm value of 1.718. Following that, the bacterial strains Bordetella sp. BWTL3 and
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Rhizobium sp. BWTL7 reached OD 600 nm values more than 1. In contrast, the two bacterial
strains, Pseudomonas sp. BWTL4 and Pseudomonas sp. BWTLY, showed poor growth with a
small increase in biomass after 7 days of cultivation. These results indicate that some of the
above mentioned bacterial strains have the ability to grow robustly in an environment with
OPFRs as the carbon and sole phosphorus source, suggesting their significant potential for future
applications.

- BWTL1
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o
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Figure 2. Growth of isolated bacterial strains on A-Cl medium supplemented with OPFRs.

In the degradation process of individual OPFRs, Hou et al. (2021) observed a significant
increase in microbial biomass with optical density measured at 600 nm gradually increasing
from 0.1 to 2.5 [36]. The results of our study are similar to this study, showing the growth and
development of bacterial strains on A-Cl medium supplemented with OPFRs after 7 days of
cultivation. During the microbial growth, microorganisms gradually adapt and utilize OPFRs as
carbon and phosphorus sources for their survival. In the metabolic system, easily degradable
substrates such as glucose are preferentially used as energy and carbon sources for microbial
growth before OPFRs provide sufficient carbon. Consequently, co-metabolism of
nonhalogenated OPFRs and external organic sources may facilitate the degradation of these
pollutants.

A total of 10 strains were isolated from wastewater samples of To Lich River enriched on
A-Cl medium supplemented with OPEs. The degradation efficiency of 7 different OPFRs (10
mg/L each compound, cultured for 7 days) by these isolated strains is presented in Figure 3 and
Table 1. Figure 4 shows mass spectra obtained by UHPLC-MS/MS analysis for control sample
and bacterial treatment (Bordetella sp. BWTL3, Achromobacter sp. BWTL6 and Rhizobium sp.
BWTLY7Y) after 7 days of cultivation. The results in Figure 3 and Table 1 showed that in the
control sample, degradation of two OPFRs including TPhP and TEHP, was observed with
degradation percentages of 40.3 % and 59 %, respectively, on the day 7 of cultivation, indicating
that these compounds are not stable over time. The degradation efficiency of most OPFRs
increase over time. After 1 and 3 days of cultivation, the degradation efficiency of OPFRs in the
culture samples were still low. Subsequently, the degradation efficiency gradually increased on
the day 7 of cultivation. Bacterial strains such as Bordetella sp. BWTL3, Pseudomonas sp.
BWTL4, Pseudomonas sp. BWTLS5, Pseudomonas sp. BWTL9, and Pseudomonas sp. BWTL10,
either could not degrade or show very low degradation of TMP and TEP on the day 7 of
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cultivation. The degradation efficiency of TCEP and TBEP was very low in culture samples with
bacterial strains Pseudomonas sp. BWTL2, Pseudomonas sp. BWTL4, Pseudomonas sp.
BWTL5, Pseudomonas sp. BWTLY9, and Pseudomonas sp. BWTL10. Meanwhile, the
degradation efficiency of TDCPP ranges from 30 - 74 % in all culture samples on the day 7 of
cultivation. Among the ten isolates, two bacterial strains, Achromobacter sp. BWTL6 and
Rhizobium sp. BWTLY7, exhibited clear degradation of the OPFRs. The bacterial strains
Achromobacter sp. BWTL6 and Rhizobium sp. BWTL7 degraded > 70 % of TDCPP (at 10 mg/L
concentration) within 7 days. Furthermore, significant degradation of TCEP, TEP, TBEP, and
TMP was observed in both bacterial strain cultures compared with the uninoculated control
(One-way ANOVA, p < 0.0001). It’s indicated that Achromobacter sp. BWTL6 and Rhizobium
sp. BWTLY could effectively degrade and mineralize five OPFRs with high degradation rate and
cell growth. In addition, Bordetella sp. BWTL3 strain was capable of degrading 61.5 % of
TDCPP and 97.7 % of TBEP on the day 7 of cultivation (One-way ANOVA, p < 0.0001).
Meanwhile, the results in Table 1 show that the two bacterial strains, Pseudomonas sp. BWTL4
and Pseudomonas sp. BWTLY, had the lowest capability to degrade OPFRs, and cell growth was
poor in both strains. This result may be due to OPFRs being toxic to the cells of these bacterial
strains, leading to reduced growth in the cultures. The degradation of TMP, TEP, TCEP, and
TBEP by the remaining isolates were all below 20 % (Table 1).
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Figure 3. Degradation of OPFRs by isolated bacterial strains (A-D) after 7 days of cultivation.
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Figure 3 (continue). Degradation of OPFRs by isolated bacterial strains (E-L) after 7 days of cultivation.
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Table 1. Degradation efficiency of OPFRs by isolated bacterial strains after 7 days of cultivation.

Sample Degradation efficiency of OPFRs (%)
TMP TEP | TCEP | TDCPP | TPhP | TBEP | TEHP
Control 0 5.3 0 5.8 40.3 5.8 59.0
gww;omaer -1301° | 247° | 245 | 568° 50.3° | 28.8° |513
Pseudomonas sp. BWTL2 | 21.6° 18.0% 12.9° 56.9° 62.5° 12.3 93.9°
Bordetella sp. BWTL3 0 4.0 14.8° 61.5° 68.2° 97.7° 74.9°
Pseudomonas sp. BWTL4 | 4.3 4.5 1.0 30.7° 52.8% 1.6 60.5
Pseudomonas sp. BWTL5 | 15.6° 3.3 7.9 48.4° 51.3% 2.4 64.2
g%t‘/?&"bader P 1403 | 436° |531° | 706° 51.7° | 554° | 78.8°
Rhizobium sp. BWTL7? 53.3° | 538 |585° | 74.4° 82.4° |581° | 926°
Rhizobium sp. BWTLS8 9.1 135 25.8° 69.5° 77.3° 23.6° 89.5°
Pseudomonas sp. BWTL9 | 2.4 2.2 24.0° 30.1° 36.6 9.8 34.8°
Pseudomonas sp. BWTL10 | 2.6 8.2 20.5° 52.3° 76.3° 18.6° 91.1°

The letter a, b, ¢ indicate significant difference in degradation efficiency of OPFRs compared
with uninoculated control (One-way ANOVA, p <0.05, 0.001, 0.0001), respectively.

Table 2 shows specific MS/MS parameters obtained in the positive electrospray ionization
mode. The result was found that retention time of OPFRs range from 2.97 to 21.47 minutes.

Table 2. Analyte specific MS/MS parameters obtained in the positive electrospray ionization

mode.

Analyte Precursor lon Product lon Collusion Energy Retention Time
(m/2) (m/z) (eV) (min)
TMP 141 79, 109 22,16 2.97
TEP 183 99, 127 18, 20 474
TCEP 285 63, 99 22,20 5.63
TDCPP 431 99, 209 26, 13 12.12
TPhP 327 77,152 40, 40 12.78
TBEP 399 199, 299 17,15 14.58
TEHP 435 99, 113 20,13 21.47
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Figure 4. Mass spectra obtained by UHPLC-MS/MS analysis for control sample and bacterial
treatment (Bordetella sp. BWTL3, Achromobacter sp. BWTL6 and Rhizobium sp. BWTL7) after
7 days of cultivation

Currently, there are limited studies on microorganisms capable of degrading OPFRs. Some
bacterial strains belonging to the genera Roseobacter, Sphingomonas, Sphingobium,
Brevibacillus, Rhodococcus, and Sphingopyxis have been reported to degrade OPFRs [30, 37,
38]. According to the study by Wang et al (2019), Rhodococcus sp. YC-JH2 and Sphingopyxis
sp. YC-JH3 able to degrade 37.36 % and 96.2 % of TPhP (50 mg/L), respectively, within 7 days
[37]. Kawagoshi et al (2004) reported that the Roseobacter strain YS-57 could degrade more
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than 99 % of 0.5 mg/L TPhP within 3 days in the absence of glucose [39]. Brevibacillus brevis
was found to be capable of degrading 92.1 % of TPhP at a concentration of 3 uM and the author
demonstrated the role of the enzyme cytochrome P450 monooxygenase in the pathway of
degrading TPhP [38]. The bacterial strain Ochrobactrum tritici WX3-8 is capable of degrading
75 % of TEHP as the sole carbon source after 104 hours [40]. However, in our study, the results
show that these two compounds TPhP and TEHP are easily degraded over time in the absence of
microorganisms, with 40.3 % and 59 % of degradation after 168 hours (Table 1). Strain
Sphingomonas sp. TDK1 and strain Sphingobium sp. TCM1 were capable of degrading 100 % of
TCEP and TDCPP at a concentration of 20 uM within 6 hours, resulting in the formation of 2-
chloroethanol and 1,3-dichloro-2-propanol as metabolic products from TCEP and TDCPP [30].
In our study, bacterial strains Bordetella sp. BWTL3, Achromobacter sp. BWTL6 and Rhizobium
sp. BWTL7 demonstrated biodegradation capabilities for several persistent OPFRs. To the best
of our knowledge, this is the first study on the biodegradation of all five OPFRs by bacterial
strains belonging to the genera Bordetella, Achromobacter and Rhizobium. This study opens up
prospects for the application of potential bacterial strains capable of degrading OPFRs in
different environments in Vietnam.

4. CONCLUSIONS

Ten bacterial strains belonging to four genera Pseudomonas, Bordetella, Achromobacter
and Rhizobium were isolated from enrichment cultures of wastewater samples from To Lich
River, Ha Noi, capable of degrading OPFRs with different degradation efficiency. Two bacterial
strains, Achromobacter sp. BWTL6 and Rhizobium sp. BWTL7, demonstrated efficient
biodegradation of all five OPFRs including TDCPP, TCEP, TEP, TBEP, and TMP. Therefore, two
strains of Achromobacter sp. BWTL6 and Rhizobium sp. BWTL7 has great potential for
bioremediation in OPFRs contaminated environments. Among the four genera known to degrade
OPFRs, Achromobacter, Bordetella, and Rhizobium have not been previously reported to exhibit
OPFR degradation capabilities.

Acknowledgments. This research was supported by funding from the Basic Research Project with code
VHH.2023.10, Institute of Chemistry, Vietnam Academy of Science and Technology.

CRediT author contribution statement. Thi Lan Anh Nguyen: Conceptualization, Methodology, Formal
analysis, Investigation, Writing- Original draft preparation. Thi Phuong Pham: Methodology, Formal
analysis, Investigation. Thi Thu Hien Tran: Methodology. Khac Hieu Phung: Methodology. Thi Thu Lan
Tran: Reviewing and Editing. Hai Yen Dao: Reviewing and Editing.

Declaration of competing interest. The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this paper.

REFERENCES

1. Marklund A., Andersson B., Haglund P. - Screening of organophosphorus compounds
and their distribution in various indoor environments, Chemosphere 53 (9) (2003) 1137-
1146. https://doi.org/10.1016/S0045-6535(03)00666-0

2. Cristale J., Lacorte S. - Development and validation of a multiresidue method for the
analysis of polybrominated diphenyl ethers, new brominated and organophosphorus flame
retardants in sediment, sludge and dust, J. Chromatogr. A. 1305 (2013) 267-275.
https://doi.org/10.1016/j.chroma.2013.07.028



Isolation of bacteria capable of degrading organophosphate flame retardants

10.

11.

12.

13.

14.

15.

Kemmlein S., Hahn O., Jann O. - Emissions of organophosphate and brominated flame
retardants from selected consumer products and building materials, Atmos. Environ. 37
(39) (2003) 5485-5493. https://doi.org/10.1016/j.atmosenv.2003.09.025

van der Veen I, de Boer J. - Phosphorus flame retardants: properties, production,
environmental occurrence, toxicity and analysis, Chemosphere 88 (10) (2012) 1119-53.
https://doi.org/10.1016/j.chemosphere.2012.03.067

Zeng X., Xu L., Hu Q., Liu Y., Hu J., Liao W., Yu Z. - Occurrence and distribution of
organophosphorus flame retardants/plasticizers in coastal sediments from the Taiwan Strait
in China, Mar. Pollut. Bull. 151 (2020) 110843.
https://doi.org/10.1016/j.marpolbul.2019.110843

Lalovic B., Phillips B., Risler L.L., Howald W., Shen D.D. - Quantitative contribution of
CYP2D6 and CYP3A to oxycodone metabolism in human liver and intestinal microsomes,
Drug metabolism and disposition: the biological fate of chemicals, 32 (4) (2004) 447-54.
https://doi.org/10.1124/dmd.32.4.447.

https://w.w.w.echa.europa.eu/documents/10162/17228/trd_rar_ireland_tccp_en.pdf, 2008
(accessed 10 April 2023).

Bollmann U.E., Mdller A., Xie Z., Ebinghaus R., Einax J.W. - Occurrence and fate of
organophosphorus flame retardants and plasticizers in coastal and marine surface waters,
Water Res. 46 (2) (2012) 531-538. https://doi.org/10.1016/j.watres.2011.11.028

Reemtsma T., Quintana J.B., Rodil R., Garci’a-Lépez M., Rodriguez I -
Organophosphorus flame retardants and plasticizers in water and air 1. Occurrence and

fate, TrAC, Trends  Anal. Chem. 27 (2008) 727-737.
https://doi.org/10.1016/j.trac.2008.07.002
Pantelaki I., Voutsa D. - Organophosphate flame retardants (OPFRS): A review on

analytical methods and occurrence in wastewater and aquatic environment, Sci. Total
Environ. 649 (2019) 247-263. https://doi.org/10.1016/j.scitotenv.2018.08.286

Ding J., Xu Z., Huang W., Feng L., Yang F. - Organophosphate ester flame retardants and
plasticizers in human placenta in Eastern China, Sci. Total. Environ. 554-555 (2016)
211-7. https://doi.org/10.1016/j.scitotenv.2016.02.171

Zhang W., Giesy J.P,, Wang P. - Organophosphate esters in agro-foods: Occurrence,
sources and emerging challenges, Sci. Total Environ. 827  (2022) 154271.
https://doi.org/10.1016/j.scitotenv.2022.154271

Xie J., Pei N., Sun Y., Chen Z., Cheng Y., Chen L., Xie C., Dai S., Zhu C., Luo X., Zhang
L., Mai B. - Bioaccumulation and translocation of organophosphate esters in a Mangrove
Nature Reserve from the Pearl River Estuary, South China, J. Hazard. Mater. 427 (2022)
127909. https://doi.org/10.1016/j.jhazmat.2021.127909

Li H., Su G., Zou M., Yu L., Letcher R.J., Yu H., Giesy J.P.,, Zhou B., Liu C. - Effects of
Tris(1,3-dichloro-2-propyl) phosphate on growth, reproduction, and gene transcription of
Daphnia magna at environmentally relevant concentrations, Environ. Sci. Technol. 49
(21) (2015) 12975-12983. https://doi.org/10.1021/acs.est.5b03294

Yuan S., Li H., Dang Y., Liu C. - Effects of triphenyl phosphate on growth, reproduction
and transcription of genes of Daphnia magna, Aquat. Toxicol. 195 (2018) 58-66.
https://doi.org/10.1016/j.aquatox.2017.12.009



Thi Lan Anh Nguyen, et al.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Kawagoshi Y., Nakamura S., Fukunaga |. - Degradation of organophosphoric esters in
leachate from a sea-based solid waste disposal site, Chemosphere 48 (2) (2002) 219-225.
https://doi.org/10.1016/S0045-6535(02)00051-6

Meyer J., Bester K. - Organophosphate Flame Retardants and Plasticizers in Wastewater
Treatment  Plants, J.  Environ. Monit. 6 (2004) 599-605.
https://doi.org/10.1039/b403206¢

Gao Z., Deng Y., Hu X., Yang S., Sun C., He H. - Determination of organophosphate
esters in water samples using an ionic liquid-based sol—gel fiber for headspace solid-phase
microextraction coupled to gas chromatography-flame photometric detector, J.
Chromatogr. A. 1300 (2013) 141-150. https://doi.org/10.1016/j.chroma.2013.02.089

Bach E.M., Williams R.J., Hargreaves S.K., Yang F., Hofmockel K.S. - Greatest soil
microbial diversity found in micro-habitats, Soil Biol. Biochem. 118 (2018) 217-226.
https://doi.org/10.1016/j.s0ilbi0.2017.12.018

Rangu S.S., Basu B., Muralidharan B., Tripathi S., Apte S. - Involvement of
phosphoesterases in tributyl phosphate degradation in Sphingobium sp. strain RSMS,
Appl. Microbiol. Biotechnol. 100 (2016). https://doi.org/10.1007/s00253-015-6979-1

Liu J., Lin H., Dong Y., Li B. - Elucidating the biodegradation mechanism of tributyl
phosphate (TBP) by Sphingomonas sp. isolated from TBP-contaminated mine tailings,
Environ. Pollut. 250 (2019) 284-291. https://doi.org/10.1016/j.envpol.2019.03.127

Kulkarni S.V., Markad V.L., Melo J.S., D'Souza S.F., Kodam K.M. - Biodegradation of
tributyl phosphate using Klebsiella pneumoniae sp. S3, Appl. Microbiol. Biotechnol. 98
(2) (2014) 919-29. https://doi.org/10.1007/s00253-013-4938-2

Owen S., Jeong B.C., Poole P.S., Macaskie L.E. - Tributyl phosphate degradation by
immobilized cells of a Citrobacter sp., Appl. Biochem. Biotechnol. 34 (1) (1992) 693-
707. https://doi.org/10.1007/BF02920590

Ahire K.C., Kapadnis B.P., Kulkarni G.J., Shouche Y.S., Deopurkar R.L. -
Biodegradation of tributyl phosphate by novel bacteria isolated from enrichment cultures,
Biodegradation 23 (1) (2012) 165-76. https://doi.org/10.1007/s10532-011-9496-7

Berne C., Montjarret B., Guountti Y., Garcia D. - Tributyl phosphate degradation by

Serratia  odorifera, Biotechnol. Lett. 26 (8) (2004) 681-686.
https://doi.org/10.1023/b:bile.0000023030.69207.c0
Berne C., Allainmat B., Garcia D. - Tributyl phosphate degradation by

Rhodopseudomonas palustris and other photosynthetic bacteria, Biotechnol. Lett. 27 (8)
(2005) 561-6. https://doi.org/10.1007/s10529-005-2882-7

Rangu S.S., Hajare S.N., Sarkar S., Bhowmick S., Misra C.S., Bindal G., Singh K.K.,
Mukhopadhyaya R., Rath D. - Tributyl phosphate degradation by Sphingobium sp. RSMS
in large-scale stirred tank reactors, Biomass Conversion and Biorefinery 14 (2022)
11707-11717. https://doi.org/10.1007/s13399-022-03441-w

Liu Y., Yin H., Wei K., Peng H., Lu G., Dang Z. - Biodegradation of tricresyl phosphate
isomers by Brevibacillus brevis: Degradation pathway and metabolic mechanism,
Chemosphere, 232 (2019) 195-203. https://doi.org/10.1016/j.chemosphere.2019.05.188

Truong D. A, Trinh H. T, Le G. T.,, Phan T. Q., Duong H. T., Tran T. T. L., Nguyen T. Q.,
Hoang M. T. T., Nguyen T. V. - Occurrence and ecological risk assessment of



Isolation of bacteria capable of degrading organophosphate flame retardants

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

organophosphate esters in surface water from rivers and lakes in urban Hanoi, Vietnam,
Chemosphere 331 (2023) 138805. https://doi.org/10.1016/j.chemosphere.2023.138805

Takahashi S., Satake I., Konuma I., Kawashima K., Kawasaki M., Mori S., Morino J.,
Mori J., Xu H., Abe K., Yamada R.H., Kera Y. - Isolation and identification of persistent
chlorinated organophosphorus flame retardant-degrading bacteria,  Appl. Environ.
Microbiol. 76 (15) (2010) 5292-5296. https://doi.org/10.1128/AEM.00506-10

Weisburg W.G., Barns S.M., Pelletier D.A., Lane D.J. - 16S ribosomal DNA
amplification for phylogenetic study, J. Bacteriol. 173(2) (1991) 697-703.
https://doi.org/10.1128/jb.173.2.697-703.1991

Kumar S., Stecher G., Tamura K. - MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets, Mol. Biol. Evol. 33(7) (2016) 1870-4.
https://doi.org/10.1093/molbev/msw054

Loos R., Carvalho R., Antonio D.C., Comero S., Locoro G., Tavazzi S., Paracchini B.,
Ghiani M., Lettieri T., Blaha L., Jarosova B., Voorspoels S., Servaes K., Haglund P., Fick
J., Lindberg R.H., Schwesig D., Gawlik B.M. - EU-wide monitoring survey on emerging
polar organic contaminants in wastewater treatment plant effluents, Water Res. 47 (17)
(2013) 6475-6487. https://doi.org/10.1016/j.watres.2013.08.024

Chaudhari T.D., Melo J.S., Fulekar M.H., D'Souza S.F. - Tributyl phosphate degradation
in batch and continuous processes using Pseudomonas pseudoalcaligenes MHF ENV, Int.
biodeterior. biodegrad., 74 (2012) 87-92.

Thomas R.A.P., Macaskie L.E. - Biodegradation of Tributyl Phosphate by naturally
occurring microbial isolates and coupling to the removal of uranium from agueous
solution, Environ. Sci. Technol. 30 (7) (1996) 2371-2375. https://doi.org/10.1021/
es9508611

Hou R., Wang Y., Zhou S., Zhou L., Yuan Y., Xu Y. - Aerobic degradation of
nonhalogenated organophosphate flame esters (OPES) by enriched cultures from sludge:
Kinetics, pathways, bacterial community evolution, and toxicity evaluation, Science of
The Total Environment 760  (2021)  143385. https://doi.org/10.1016/j.scitotenv.
2020.143385

Wang J., Khokhar 1., Ren C., Li X., Wang J., Fan S., Jia Y., Yan Y. - Characterization and
16S metagenomic analysis of organophosphorus flame retardants degrading consortia, J.
Hazard. Mater. 380 (2019) 120881. https://doi.org/10.1016/j.jhazmat.2019.120881

Wei K., Yin H., Peng H., Lu G., Dang Z. - Bioremediation of triphenyl phosphate by
Brevibacillus brevis: Degradation characteristics and role of cytochrome P450
monooxygenase,  Sci. Total Environ., 627 (2018) 1389-1395. https://doi.org/
10.1016/j.scitotenv.2018.02.028

Kawagoshi Y., Nakamura S., Nishio T., Fukunaga I. - Isolation of aryl-phosphate ester-
degrading bacterium from leachate of a sea-based waste disposal site, J. Biosci. Bioeng.,
98 (6) (2004) 464-9. https://doi.org/10.1016/S1389-1723(05)00313-0

He J.,, Wang Z., Zhen F., Wang Z., Song Z., Chen J., Hrynsphan D., Tatsiana S. -
Mechanisms of flame retardant tris (2-ethylhexyl) phosphate biodegradation via novel
bacterial strain Ochrobactrum tritici WX3-8, Chemosphere, 311 (2023) 137071.
https://doi.org/10.1016/j.chemosphere.2022.137071



