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• Metabolites from the fungal degradation 
of TBP, TBEP, TCEP and TCPP were 
identified.

• OPFRs degraded mainly via hydroxyl
ation, hydrolysis and oxidative 
dechlorination.

• Novel steps like dehydrogenation and 
reductive dechlorination were proposed.

• Microtox assays indicated increased 
toxicity after fungal degradation.

• ECOSAR predictions indicated poten
tially toxic products to be targeted.
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A B S T R A C T

The environmental persistence of organophosphate flame retardants (OPFRs) in water is becoming and envi
ronmental concern. White Rot Fungi (WRF) have proven its capability to degrade certain OPFRs such as tributyl 
phosphate (TBP), tris(2-butoxyethyl) phosphate (TBEP), tris(2-chloroethyl) phosphate (TCEP) and tris(2- 
chloroisopropyl) phosphate (TCPP). Despite this capability, there is limited knowledge about the specific 
pathways involved in the degradation. In this study, three different WRF were paired with individual OPFRs, and 
potential transformation products (TPs) were identified by UHPLC-HRMS. Some compounds structures were 
further validated by NMR. From these data degradation pathways were proposed. TBP was degraded by suc
cessive hydroxylation and hydrolysis reactions, with a novel dehydrogenation step suggested. Both TCEP and 
TCPP underwent oxidative dechlorination, with TCEP experiencing subsequent hydrolysis. Uncommon reductive 
dehalogenation was also observed. TCPP further underwent hydroxylation and environmentally relevant 
methylation. TBEP generated numerous TPs, mainly by successive dealkylations, along with hydroxylation. 
Notably, demethylation in TBEP degradation was proposed for the first time. Additional secondary products were 
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formed through hydroxylation and oxidation of the initial metabolites. Finally, in vivo and in silico toxicity 
assessments were conducted, identifying certain TPs as potentially toxic.

1. Introduction

Organophosphate flame retardants (OPFRs) have become widely 
used as fire inhibitors following the phasing out of polybrominated 
diphenyl ethers flame retardants from the European Union (Li et al., 
2023; X. Zhang et al., 2023). These compounds are versatile additives 
found in various commercial products, including furniture wood, elec
tronics, vehicles, plastics and textiles (Shi et al., 2016; S. Zhang et al., 
2021). Some alkyl OPFRs have additional applications such as plasti
cizers and antifoaming agents (Kung et al., 2022). Several OPFRs are 
listed as high-production-volume chemicals (USEPA, 2023), with a 
global production estimated at 2.8 million tons in 2018 (Gustavsson 
et al., 2018).

Due to the large production and consumption of OPFRs, their envi
ronmental fate is drawing increasing attention. As additives, they usu
ally lack chemical bonds with their base materials, leading to their 
release into various environmental matrices, including water compart
ments, throughout manufacturing, usage and disposal (Gbadamosi et al., 
2023; Li et al., 2023). Domestic and industrial wastewater discharges are 
key sources of their gradual accumulation in water (Liang and Liu, 2016; 
Xu et al., 2019; Y. Zhang et al., 2023). Given their physicochemical 
properties, including moderate-to-high water solubility, five OPFRs: tri- 
n-butyl phosphate (TBP), tris (2-butoxy ethyl) phosphate (TBEP), tris(2- 
chloroethyl) phosphate (TCEP), tris(2-chloroisopropyl) phosphate 
(TCPP) and triethyl phosphate (TEP) are commonly found in wastewater 
treatment plants (WWTP) effluents (Lao et al., 2023; Petromelidou et al., 
2024; Zhang et al., 2023), indicating that conventional treatment pro
cesses do not completely eliminate them.

This prevalence in water compartments has led to the accumulation 
of OPFRs in aquatic biota and humans. In the past five years, studies 
have detected these flame retardants in algae (Fu et al., 2020), in
vertebrates (Bekele et al., 2019; Castro et al., 2020; Choi et al., 2020; 
Wang et al., 2019; R. Zhang et al., 2020), fish (Bekele et al., 2021; Bekele 
et al., 2019; Choo et al., 2018; Garcia-Garin et al., 2020b; Liu et al., 
2019c, 2019d; Wang et al., 2019) and higher trophic level organisms 
(Aznar-Alemany et al., 2019; Garcia-Garin et al., 2020a; Sala et al., 
2019) across different water compartments. Their detection in arctic 
species (Fu et al., 2020), highlights their potential for long-range 
transport and bioaccumulation. Human exposure is evident through 
the presence of OPFRs in biological matrices such as urine, usually 
estimated via the produced metabolites (Chen et al., 2022; Guo et al., 
2023; Li et al., 2024; Lu et al., 2022; Zhao et al., 2023), breast milk 
(Chen et al., 2021a, 2021b; Zhang et al., 2024; Zheng et al., 2021), saliva 
(Zhao et al., 2023), nails (Chen et al., 2019; Zhao et al., 2023), hair 
(Tang et al., 2021) and blood (Guo et al., 2023).

The widespread exposure has increased the number of studies 
focusing on the health risks associated with OPFRs. TBP is recognized for 
its neurotoxic effects (Chang et al., 2020), potential as an endocrine 
disruptor (Kojima et al., 2016; Zhang et al., 2017), and capability to 
impair reproductive health and cause DNA and cellular damage (Liu 
et al., 2019b; Ren et al., 2017; H. Zhang et al., 2021). Similarly, TBEP 
exposure has been linked to neurotoxicity (Jiang et al., 2018), endocrine 
disruption (Jin et al., 2016; Kwon et al., 2016; Ma et al., 2016; Q. Xu 
et al., 2017) and reproductive and developmental toxicity (Han et al., 
2014; Huang et al., 2019; Kwon et al., 2016; Ma et al., 2016; Pan et al., 
2022; Xiong et al., 2021; Q. Xu et al., 2017). TBEP also poses risks of 
hepatotoxicity and carcinogenicity (Ren et al., 2017; Saquib et al., 
2022). TEP has shown potential neurotoxic and mutagenic effects at 
high doses (Lai et al., 2022) and it also acts as an endocrine disruptor, 
affecting embryonic development (Egloff et al., 2014). Both TCEP and 
TCPP are considered carcinogenic and neurotoxic (Li et al., 2019; 

National Toxicology Program, 2023; T. Xu et al., 2017). Moreover, TCPP 
showed genotoxic effects (Antonopoulou et al., 2022; Crump et al., 
2012; Saquib et al., 2021) and lipid-metabolism disfunction related to its 
exposure (Yan et al., 2022), while TCEP can disrupt embryonic devel
opment, hormone levels, antioxidant enzymes activities and core re
ceptors interactions (Chen et al., 2015; Hu et al., 2021; Sutha et al., 
2022; Wang et al., 2022; Wu et al., 2017) and is potentially hepatotoxic 
(Al-Salem et al., 2020; Tian et al., 2023; Yang et al., 2022). In fact, due to 
its hazards, TCEP has been banned from childcare products in many U.S 
states and is regulated in the EU, along with TCPP, with a concentration 
limit of 5 mg/kg in toys for children under three years old (Negev et al., 
2018).

Fungal bioremediation offers a promising, cost-effective, and eco- 
friendly approach for removing emergent contaminants, such as 
OPFRs, from wastewater. White-rot fungi (WRF) are particularly effec
tive microorganisms widely studied because of their capability to 
constitutively degrade not only lignin and lignin-like substances, but 
also a series of xenobiotics, even at trace levels (Latif et al., 2023; Torres- 
Farradá et al., 2024). Although degradation has been mostly attributed 
to their extracellular enzymes, especially lignin-modifying enzymes 
with broad substrate specificity (Mir-Tutusaus et al., 2018; Zhuo and 
Fan, 2021), growing evidence indicates that the versatile intracellular 
CYP450 enzyme system of WRF also plays a crucial role in converting 
contaminants (Črešnar and Petrič, 2011; Durairaj et al., 2016).

The capability of WRF in degrading OPFRs has been previously 
substantiated in a screening study (Losantos et al., 2024b). Three fungi: 
Trametes versicolor, Ganoderma lucidum and Pycnoporus sanguineus were 
identified as potential candidates for future wastewater treatment in a 
co-culture approach. Each fungus was tested on a mixture of the five 
tested OPFRs. All three fungi successfully degraded TBEP completely. 
Similarly, TBP was fully eliminated after contact with T. versicolor and 
G. lucidum, but also effectively degraded by P. sanguineus. TCEP degra
dation was challenging, with only G. lucidum achieving partial degra
dation. The other chlorinated OPFR, TCPP, was more susceptible to 
degradation, with T. versicolor exhibiting the highest degradation effi
ciency, followed by G. lucidum, which degraded TCPP more effectively 
than TCEP. No substantial degradation of TEP was observed with any of 
the tested fungi. The results suggested that polarity of an OPFR inversely 
correlates with its susceptibility to fungal degradation.

Enzymatic system tests identified the intracellular CYP450 system as 
responsible for OPFRs degradation (Losantos et al., 2024b), suggesting 
that reactions of hydroxylation, dealkylation and dehalogenation might 
be involved in the degradation pathway. While the degradation pathway 
of TBP was already studied for T. versicolor (Tayar et al., 2024) and was 
found to be the same as for G. lucidum, the transformation products of 
TBP degradation by P. sanguineus, as well as those from other OPFRs, 
have yet to be determined. Furthermore, toxicity tests from the previous 
work, conducted on mixture solutions after fungal treatment with the 
three candidates, revealed that the obtained transformation products 
could be more toxic than the parent compounds, emphasizing the 
importance of identifying these products and assessing their individual 
toxicity.

In the present work, top fungal degraders were paired with their 
respective OPFR to identify the specific transformation products 
resulting from these degradations. As TEP was poorly degraded, it was 
excluded from this study. The transformation products were successfully 
identified and quantified by UHPLC-HRMS, while NMR analysis 
confirmed some of the structures, enabling us to propose degradation 
pathways. Toxicity was evaluated by a Microtox bioassay conducted at 
the beginning and end of each degradation experiment. Additionally, 
the individual toxicity of each transformation product was predicted by 
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means of the ECOlogical Structure Activity Relationships (ECOSAR) 
Class Program. To the best of our knowledge, this is the first compre
hensive study that explores the degradation pathways of OPFRs by WRF 
and their possible environmental implications. By correlating the 
transformation products with their potential toxicity, this research helps 
to target potentially harmful compounds for future wastewater treat
ment strategies.

2. Materials and methods

2.1. Reagents

Standards of OPFRs were obtained from Merck KGaA (Darmstadt, 
Germany), including: tri-n-butyl phosphate (TBP ≥ 99 %), tris(2-butoxy 
ethyl) phosphate (TBEP 94 %), tris(2-chloroethyl) phosphate (TCEP 97 
%) and a mixture of isomers (TCPP) containing 66.9 % of tris(1-chloro- 
2-propyl) phosphate (TCIPP/TCPP-IS1), 26.4 % of bis(1-chloro-2- 
propyl)(2-chloropropyl) phosphate (TCPP-IS2) and 4.2 % of (1-chloro- 
2-propyl) bis(2-chloropropyl) phosphate (TCPP-IS3). Stable isotopically 
labelled internal standards (IS) of isotopic purity ≥98 %: tri-n-butyl 
phosphate-d27 (dTnBP), tris[2-butoxy (13C2) ethyl] phosphate 
(M6TBEP) and tris(2-chloroethyl) phosphate-d12 (dTCEP) were pur
chased from Wellington laboratories (Guelph, Canada). High purity 
grade chemicals were used for culture media and analytical procedures.

2.2. Fungal strains and culture

The present study utilized three WRF: Trametes versicolor, Ganoderma 
lucidum and Pycnoporus sanguineus, chosen as the best candidates for 
OPFRs degradation (Losantos et al., 2024b). Trametes versicolor ATCC 
42530 was obtained from the American Type Culture Collection (VA, 
USA), while Ganoderma lucidum FP-58537-Sp was acquired from the 
United States Department of Agriculture Collection (WI, USA). Pycno
porus sanguineus CS43 was gently supplied by the Environmental Bio
processes Group of the Institute of Technology and Higher Studies of 
Monterrey (NL, México).

Strains were maintained by subculturing on malt extract agar plates 
at 25 ◦C every 30 days (Blánquez et al., 2008). The selected WRF were 
used in the form of pellets prepared in malt extract, according to a 
previously described methodology (Romero et al., 2006). Briefly, 1 mL 
of homogenised mycelial suspension was inoculated into 1000 mL 
Erlenmeyer flasks containing 250 mL of 2 % malt extract medium at a 
pH of 4.5. The flasks were incubated at 25 ◦C under continuous orbital 
agitation (135 rpm) for seven days. After incubation, the fungal biomass 
was separated from the medium and diluted in a 0.80 % (w/v) NaCl 
solution at a biomass/solution volumetric ratio of 1:1. The suspension 
was stored at 4 ◦C under sterile conditions until use.

2.3. Degradation experiments

Degradation experiments were conducted under conditions similar 
to those used in the previous screening study (Losantos et al., 2024b). 
The strain-OPFR combinations used in this study are presented in 
Table 1.

Fungal strains were maintained in 500 mL Erlenmeyer flasks 

containing 100 mL of sterile defined medium. The medium (pH = 4.5) 
contained per litre: 8 g glucose, 3.3 g ammonium tartrate, 1.168 g 
dimethyl succinate, 10 mL of a micronutrient’s solution, and 100 mL of a 
macronutrient’s solution from Kirk medium (Kirk et al., 1978). The 
compositions of each nutrient’s solution are specified in Table S.1. 
Pellets of each tested fungus were initially inoculated at a concentration 
of ~3.5 g DCW⋅L− 1 (DCW=Dry cell weight). The medium was enriched 
with each OPFR at the concentrations specified in Table 1, where the 
concentrations of the chlorinated OPFRs were half of the non- 
chlorinated ones, since they are more challenging to remove (Losantos 
et al., 2024b). The flasks were kept at 25 ◦C in the absence of light, under 
135 rpm orbital shaking. On day 4, glucose was re-supplemented at a 
concentration of 3 g/L. After 15 days of degradation, the whole content 
of each flask was filtrated through glass microfiber filters (GF/A grade, ø 
= 47 mm; Whatmann™, Maidstone, UK) prior to transformation prod
ucts (TPs) identification by UHPLC-HRMS and toxicity assessment. 
Samples were also analyzed by nuclear magnetic resonance (NMR) 
spectroscopy, which allowed to confirm some of the identified 
structures.

2.4. Analytical procedures

2.4.1. Transformation products identification by UHPLC-HRMS
Immediately after completing the degradation experiments, 12 mL of 

the obtained filtrates (see section 2.3) were mixed with 50 μL of each IS 
corresponding to the initially transformed parent compound. For TCPP, 
dTCEP was used as the IS, being the most structurally similar to TCPP, 
out of the available ones. Afterwards, more filtrate was added until 
reaching a final volume of 25 mL. An aliquot was taken and filtered 
through 0.2 μm PTFE syringe filters (Interchim, Montluçon, France) 
prior to chromatographic analysis.

Identification of TPs was performed using an ultra-high-performance 
liquid chromatograph coupled to a hybrid quadrupole-Orbitrap mass 
spectrometer (UHPLC-Q-Exactive; Thermo Fisher Scientific, MA, USA). 
Chromatographic separation was achieved on a Purospher® STAR RP- 
18 end-capped Hibar® HR (150 × 2.1 mm, 2 μm) column (Merck 
KGaA). Acetonitrile (A) and ultrapure water containing 0.1 % formic 
acid (v/v) and 5 mM ammonium acetate (B) served as mobile phases. 
The mobile phases were fed at 0.2 mL/min in gradient mode. The elution 
program of A was changed as follows: 0 min, 20 %; 1 min, 20 %; 8 min, 
95 %; 13 min, 95 %; 13.5 min, 20 %; and 15 min, 20 %. Sample injection 
volume was 10 μL.

Related to mass spectrometric conditions, an electrospray ionization 
(ESI) source was used in positive mode under a capillary voltage of 3000 
V. The capillary and probe heater temperatures were set at 350 ◦C and 
300 ◦C, respectively, while sheath and auxiliary gas flows were set at 40 
and 10 arbitrary units.

Mass spectra were acquired in two consecutive scans. An initial full 
scan in the range 50–700 m/z was performed at a resolution of 70,000, 
followed by an MS/MS scan for all compounds reaching the analyzer, at 
a resolution of 35,000. The obtained data were processed using Com
pound Discoverer and Xcalibur software (Thermo Fisher Scientific). 
Potential TPs were identified based on molecular formula and mass 
accuracy (±5 ppm) of fragmented ions.

2.4.2. NMR analysis
Prior to instrumental analysis, sample cleanup was performed by 

Solid Phase Extraction (SPE) with Oasis HLB columns (30 mg; Waters 
Corporation, MA, USA), using a vacuum manifold connected to a vac
uum pump. Filtrates from the degradation experiments (10 mL) were 
loaded onto columns priorly conditioned and equilibrated with 5 mL of 
methanol, and 5 mL of ultrapure water, respectively. The vacuum flow 
rate through the manifold was maintained at 5–10 mL⋅min− 1. After 
sample loading, the sorbent was washed with 5 mL of ultrapure water 
and dried under vacuum for 15 min. OPFRs were eluted by percolation 
with 8 mL of methanol. The eluate was dried under a gentle nitrogen 

Table 1 
Combinations of fungal candidate-OPFR used in the present study.

OPFR Concentration at t0 (ppm) Fungal candidate

TCEP 5 G. lucidum
TBP 10 P. sanguineus
TBEP 10 G. lucidum

P. sanguineus
TCPP 5 G. lucidum

T. versicolor
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stream until complete evaporation of methanol. The dried samples were 
reconstituted in 600 μL of MeOD-d4 (99.80 % D, Cortecnet, Voisins-le- 
Bretonneux, France) and transferred to 5-mm-diameter NMR tubes.

A Bruker 400 Avance NEO NMR spectrometer (Bruker Biospin, 
Rheinstetten, Germany) operating at 1H and 31P NMR frequencies of 
400.19 and 162.00 MHz, respectively, was used for the acquisition of 
standard 1D 31P and 1H decoupled 31P (31P{1H}) NMR experiments and 
the 2D 1H–31P HMBC (Heteronuclear Multiple Bond Correlation) cor
relation. The spectrometer was equipped with a 5 mm iProbe 1H/BB/D 
with Z-gradients, and a BCU-II unit for temperature control. 1D spectra 
were acquired using standard 90◦ pulse sequences; in the case of 31P 
{1H}, inverse-gated proton decoupling was utilized. In both cases, data 
were collected into 64 K data points during an acquisition time of 1.01 s 
and using a recycle delay of 1 s. Spectra were recorded in the time 
domain as interferograms (FID) across a spectral width of 32,680 Hz and 
as the sum of 1024 transients. FIDs were apodised applying an expo
nential function (0.2 Hz linebroadening) prior to Fourier transform (FT). 
Subsequently, the spectra were manually phased and baseline corrected. 
Phosphoric acid (85 %) in a glass capillary insert was used as external 
reference.

A Bruker Avance II 600 NMR spectrometer equipped with a 5 mm 
TBI probe with Z-gradients, operating at a 1H and 13C NMR frequencies 
of 600.13 and 150.90 MHz, respectively, and at 298.0 K of temperature, 
was used for the acquisition of 1D 1H and 2D 1H–1H TOCSY (TOtal 
Correlation SpectroscopY) and multiplicity-edited 1H–13C HSQC (Het
eronuclear Single Quantum Correlation) NMR experiments. 1D 1H NMR 
spectra were acquired using a standard 90◦ pulse sequence, with an 
acquisition time of 1.51 s and a relaxation delay of 1 s. The data were 
collected into 32 K computer data points, with a spectral width of 
10,822 Hz and as the sum of 1024 transients. The resulting free in
ductions decays (FIDs) were Fourier transformed, manually phased, and 
baseline corrected. The 2D NMR experiments were performed using 
standard pulse sequence (Bruker) and acquired under routine condi
tions. Unless otherwise stated, TMS (trimethylsilane) was used as 
external reference. The software TopSpin 3.6.3 (Bruker Biospin, 
Rheinstetten, Germany) was used to acquire, process and analyze the 
spectra.

In addition to the performance of 1D and 2D NMR spectra, 1H and 
13C chemical shifts simulations were conducted using ChemDraw 
22.2.0.

2.4.3. Toxicity assessment

2.4.3.1. Microtox test. Toxicity was measured for samples collected at 
the end of the degradation experiments and for parent compounds 
diluted in the defined medium at the initial concentrations chosen for 
each experiment (refer to Table 1). The pH of all samples was adjusted to 
7 before testing, in accordance with the method. An acute toxicity 
bioassay kit (Modern Water, London, UK) was used, which measures the 
reduction in bioluminescence of marine Vibrio fischeri bacteria after 15- 
min exposure to specific sample dilutions. Toxicity was expressed in 
toxicity units (TU), calculated as shown in eq. 1. 

TU =
100

EC50
(1) 

where EC50 is the concentration of the toxicant that inhibits 50 % of the 
bacteria at the end of the test.

2.4.3.2. Toxicity prediction. Since the Microtox test cannot determine 
the toxicity of each individual transformation product, theoretical 
toxicity was also predicted for these and the parent compounds. Pre
dictions were made by means of the ECOlogical Structure Activity Re
lationships (ECOSAR) Class Program (v2.2: US Environmental 
Protection Agency, 2022). This computerized system estimates the acute 
(short-term) toxicity and chronic (long-term or delayed) toxicity of 

chemicals to aquatic organisms using Quantitative Structure Activity 
Relationships (SARs) and is employed by the US Environmental Pro
tection Agency (EPA) for regulatory evaluations of aquatic toxicity.

Predictions included acute toxicity values such as LC50 (lethal con
centration for 50 % of the population) for fish and daphnia after 96 and 
48 h of exposure, respectively, and EC50 for green algae growth inhi
bition after 96 h of contact. These predictions were based on the mo
lecular structure of each compound, entered into the software using 
either the CAS number or the SMILES code. Logarithm of the octanol- 
water partition coefficient (Log Kow) and water solubility were also 
provided by the program, as determined by the US EPA Estimation 
Programs Interface (EPI) Suite™.

3. Results and discussion

3.1. Identified TPs and proposed degradation pathways for each OPFR

The degradation experiments yielded the efficiencies represented in 
Table 2. These efficiencies were comparable to the previous work 
(Losantos et al., 2024b) and resulted in the detection of various TPs for 
each parent compound by UHPLC-HRMS. These findings led to the 
proposed degradation pathways presented below. Initially, triethyl 
phosphate (TEP) was suspected to be a common TP, as it was detected 
across all fungal matrixes. However, analysis of the initial samples 
revealed that TEP was present at the same concentrations as in the final 
samples, suggesting contamination of the starting compounds, perhaps 
originating from the synthesis process. This is plausible as TEP is 
commonly used as an intermediate in manufacturing (Kung et al., 2022). 
All parent compounds were fully characterized by 1H, 13C and 31P NMR, 
while some products were also confirmed, as it will be further discussed 
in each subsection.

3.1.1. Degradation of TBP
Transformation products of TBP degradation were identified after 

fungal contact with the WRF P. sanguineus. Seven different metabolites 
were identified. These include three isomeric forms of dibutyl hydrox
ybutyl phosphate (TBP-M283/OH-TBP), two isomers of butyl bis- 
hydroxybutyl phosphate (TBP-M299/(OH)2-TBP), dibutyl hydrogen 
phosphate (TBP-M211/DBP), two isomeric forms of butyl hydroxybutyl 
hydrogen phosphate (TBP-M227/OH-DBP) and two isomers of an un
identified compound designated as TBP-M265. Their chromatographic 
characteristics and respective areas are summarized in Table S.2.

The initial phase of the degradation pathway is likely hydroxylation, 
a primary detoxification mechanism recognized by eukaryotes and 
mammals CYP450 system for detoxifying contaminants (Črešnar and 
Petrič, 2011). In fact, the combined areas of the three isomers of OH-TBP 
indicate this product as the most abundant among the group, aligning 
with former proposed degradation pathways, where CYP-mediated hy
droxylation was more important than hydrolysis to dialkyl phosphates 
(Hou et al., 2018; Sasaki et al., 1984).

NMR analysis evidenced hydroxylation of butyl moieties at the third 

Table 2 
Degradation efficiencies of the tested OPFRs after 
treatment with three different WRF. Analysis of the 
targeted OPFRs at the start and end of the experiment 
was conducted following the method of (Losantos 
et al., 2024a).

Degrada�on efficiencies (%)
Compound T.versicolor G. lucidum P. sanguineus

TBP 59.54 ± 2.12
TBEP 100.00 ± 0.00 100.00 ± 0.00
TCEP 30.95 ± 1.04
TCPP 76.70 ± 2.79 52.13 ± 5.33
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carbon position (Table S.3 and Fig. S.1 to S.3), matching with results 
from previous studies also regarding CYP450-mediated TBP degradation 
(Hou et al., 2018; Suzuki et al., 1984). Thus, it is highly likely that the 
most abundant TBP-M283 isomer (TBP-M283–1) corresponds to dibutyl 
3-hydroxybutyl phosphate (3-OH-TBP). Further hydroxylation of 3-OH- 
TBP yields butyl bis(3-hydroxybutyl) phosphate (3,3-(OH)2-TBP, cor
responding to TBP-M299–1), which is subsequently hydrolyzed to 3- 
hydroxybutyl hydrogen phosphate (3-OH-DBP, designated as TBP- 
M227–1).

The presence of DBP (TBP-M211) was also confirmed by NMR 
(Table S.3 and Fig. S.1 to S.3) (Godinot et al., 2016). (Suzuki et al., 1984) 
demonstrated that DBP is generated through the oxidative hydrolysis of 
3-OH-TBP, although direct cleavage of the ester bond in TBP is also 
possible (Liu et al., 2019a). Additionally, 3-OH-DBP (TBP-M227–1) 
might be also formed by hydroxylation of DBP, although this contribu
tion appears to be minimal (Suzuki et al., 1984).

While the other isomers of OH-TBP could not be detected by NMR, 
probably related to their lower abundance, it is speculated that hy
droxylation occurs at the second (2-OH-TBP/TBP-M283–2) and fourth 
carbon positions (4-OH-TBP/TBP-M283–3), as implied by (Suzuki et al., 
1984). The detection of isomeric forms of both TBP-M299 and TBP- 
M227 suggests that one of the isomers of OH-TBP also undergoes 
these successive hydroxylation/hydrolysis steps. Prior conjectures 
indicate that the isomer performing these steps is 2-OH-TBP (Suzuki 
et al., 1984).

Finally, it is likely that TBP-M265 is formed through dehydrogena
tion of TBP. Although uncommon, CYP450-catalyzed dehydrogenation 
has been observed alongside hydroxylation (Erratico et al., 2015). In this 

scenario, unlike hydroxylation, the oxygen molecule is not introduced 
into the contaminant, but is entirely converted into two water mole
cules, resulting in an olefin (Wong et al., 2017). However, the position of 
the doble bond remains uncertain. It was proposed by (Reilly and Yost, 
2005) that hydrogen is initially abstracted from the terminal carbon. 
Therefore, we theorize that the main isomer of TBP-M265 is a but-3-en- 
1-yl dibutyl phosphate. This compound’s formation has solely been 
proposed in a study regarding triisobutyl phosphate (TiBP) trans
formation by an enriched activated sludge under aerobic conditions 
(Yao et al., 2023). We propose for the second isomer to contain the doble 
bond between the first and the second carbon atoms, although it could 
certainly be between the second and the third carbons.

The above discussion is depicted in Fig. 1. The proposed pathway 
closely resembles the one derived from TBP degradation by T. versicolor 
(Tayar et al., 2024) and G. lucidum, with some notable differences. Thus, 
(OH)2-TBP isomers and TBP-M265 were not detected as transformation 
products, while monobutyl phosphate was produced by dealkylation of 
DBP only after 7 days of degradation (half the duration of this study). 
These differences not only underscore the different CYP450-mediated 
mechanisms between P. sanguineus, T. versicolor and G. lucidum in 
eliminating this contaminant, but also highlight the fact that degrada
tion of DBP could pose a bottleneck in TBP degradation by P. sanguineus.

3.1.2. Degradation of TCEP
TCEP has demonstrated resistance against fungal degradation, 

resulting in only a small number of transformation products when in 
contact with G. lucidum, only fungal candidate of this work demon
strating efficiency in partially removing TCEP. In fact, scarce 

Fig. 1. Proposed metabolic pathway for TBP degradation by the fungus P. sanguineus after 15 days of experimentation. Solid lines denote degradative steps for 
compounds that are certain, while dashed lines indicate steps for the obtention of feasible compounds. The dehydrogenation step to produce TBP-M265 is highlighted 
in pink, representing a step proposed for the first time.

D. Losantos et al.                                                                                                                                                                                                                               Science of the Total Environment 959 (2025) 178260 

5 



information about TCEP transformation products can be found in 
bibliography.

Table S.4 outlines four different transformation products that were 
obtained by UHPLC-HRMS: TCEP-M266, TCEP-M222, TCEP-M328 and 
TCEP-M231. The detection of bis(2-chloroethyl) 2-hydroxyethyl phos
phate (BCEHEP/TCEP-M266) and the confirmation of the structure by 
NMR (Table S.5 and Figs. S.4 to S6), suggests that the first step in the 
degradation process is an oxidative dechlorination. This mechanism has 
been previously reported in the metabolism of TCEP by CYP450 en
zymes in human liver preparations (Van den Eede et al., 2013). The 
reactivity of carbons linked to chlorine atoms likely explains this initial 
reaction (Wang et al., 2017).

The mass corresponding to TCEP-M222 matches that of bis(2- 
cloroethyl) hydrogen phosphate (BCEP). This product appeared at the 
same retention time as BCEHEP and could therefore be a fragment of this 
TP. In addition, BCEP could not be detected by NMR possibly due to its 
lower abundance. However, this diester has been identified as the main 
metabolite of TCEP degradation by numerous bibliographical sources 
(Federal Institute for Occupational Safety and Health, 2008; Hou et al., 
2016; Takahashi et al., 2017), formed by the hydrolysis of BCEHEP (Hou 
et al., 2016). On the other hand, although TCEP-M328 was detected as 
the most abundant TP by UHPLC-HRMS, it was not observed by NMR. 
This molecule most likely represents an adduct formed in the ionization 
chamber of the UHPLC-MRS, resulting from the interaction between the 
theoretically unstable BCEHEP (Van den Eede et al., 2013) and chlor
oacetaldehyde, a by-product generated by the hydrolysis of BCEHEP to 
BCEP (Jia et al., 2022). This further supports the identification of BCEP 
as a transformation product. It also suggests that the abundance of 
BCEHEP might be underestimated, potentially making it the most 

prevalent compound. In certain cases, the hydrolysis of BCEP was re
ported as the bottleneck for complete mineralization of TCEP (Abe et al., 
2017; Liang et al., 2022).

Finally, we theorize that TCEP-M231 is generated through the 
reductive dehalogenation of BCEHEP. Reductive dehalogenation in
volves the conversion of a C–Cl bond to a C–H bond (Van den Eede 
et al., 2013), which in this case would yield a double bond. While 
reductive dehalogenation under aerobic conditions is not commonly 
reported (Behrendorff, 2021), it has been suggested as a significant 
mechanism in the degradation of 2,4,6-trichlorophenol and pentachlo
rophenol by the WRF Phanerochaete chrysosporium (Reddy and Gold, 
2000; Vijay et al., 1998). This aerobic dehalogenation most likely occurs 
via an intermediate conjugation between BCEHEP and the peptide 
glutathione (GSH), abundant in most cells (Couto et al., 2016; Reddy 
and Gold, 1999). Glutathione conjugation has been previously identified 
as a phase II reaction in the degradation of TCEP mediated by CYP450 
glutathione S-transferases (Hou et al., 2016), which primarily targets 
chlorine substituents in the molecule (Testa and Krämer, 2010). 
Reduction of the resulting GS-conjugate is catalyzed by a reductase 
(Reddy and Gold, 2001). To the best of our knowledge, this is the first 
instance in which reductive dehalogenation mediated by the CYP450 
system has been proposed for the degradation of OPFR. Further vali
dation of this route should be performed, as the detection of TCEP-M231 
by NMR was not possible due to the low concentration in the sample.

The proposed degradation pathway is depicted in Fig. 2.

3.1.3. Degradation of TCPP
The degradation of TCPP was assessed for a mixture of three isomers: 

tris(1-chloro-2-propyl) phosphate (TCIPP, 66.9 %), bis(1-chloro-2- 

Fig. 2. Proposed metabolic pathway for TCEP degradation by the fungus G. lucidum after 15 days of experimentation. Solid lines denote degradative steps for 
compounds that are certain, while dashed lines indicate steps for the obtention of feasible compounds. The reductive dechlorination via GSH conjugation step to 
produce TCEP-M231 is highlighted in pink, representing a step proposed for the first time. The conjugated molecule between TCEP-M266 and GSH is represented in 
gray as the compound was not detected in the analyzed sample.
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propyl)(2-chloropropyl) phosphate (TCPP-IS2, 26.4 %) and (1-chloro-2- 
propyl) bis(2-chloropropyl) phosphate (TCPP-IS3, 4.2 %). As displayed 
in Table S.6, five metabolites along with some isomeric forms were 
identified: TCPP-M309 (2 isomers), TCPP-M291, TCPP-M343 (2 iso
mers), TCPP-M323 and TCPP-M231. Quantification of these products 
was conducted following exposure to the two WRF demonstrating the 
most effective degrading performance, Trametes versicolor and Gano
derma lucidum. None of the identified TP’s could be further confirmed by 
NMR analysis; therefore, the proposed degradation pathways are based 
solely on findings from literature.

Among these products, TCPP-M309/BCPHPP isomers were the most 
abundant, highlighting the relevance of oxidative dechlorination in the 
breakdown of chlorine-containing OPFRs, as previously observed in the 
case of TCEP. This finding also aligns with reported research (Abdallah 
et al., 2015; Van den Eede et al., 2016a), where BCPHPP was the main 
metabolite formed by mediation of the CYP450 system. The most 
abundant isomer likely belongs to TCIPP (BCIPHIPP) while the second 
isomer is attributed to the degradation of TCPP-IS2. The low concen
tration of TCPP-IS3 may have resulted in undetectable transformation 
products from its degradation.

Although analogous metabolites were anticipated for TCPP as for 
TCEP due to their structural resemblance, only BCPHPP shares similarity 
between these two. In the case of TCPP, a second oxidative dechlori
nation takes place, resulting in the formation of TCPP-M291/CPBHIPP, 
while in this case no reductive dechlorination metabolites were 
observed. On the other hand, hydroxylation of TCPP was evidenced by 
the presence of the TCPP-M343 (OH-TCPP) compound. Hydroxylation 
was also documented previously in TCPP degradation (Van den Eede 
et al., 2016b), although the detected compound had a low signal. In our 
study, OH-TCPP was the third most abundant metabolite, following 
BCPHPP and CPBHIPP. A second isomer of OH-TCPP, attributed to the 
degradation of TCPP-IS2 was only detected in samples exposed to 
T. versicolor. Although the position of the hydroxyl group is uncertain, it 

is likely that the CH3 group is the primary binding site (Yu et al., 2019).
The presence of the product TCPP-M323 in both fungal matrixes 

suggest the methylation of BCPHPP. Methylation can occur as a CYP450 
phase II metabolism step (Xiong et al., 2024), and has been reported as a 
major step in pentachlorophenol transformation by the WRF Phaner
ochaete chrysosporium (Ning and Wang, 2012). However, methylation 
might lead to an enhanced toxicity in nontarget organisms, due to 
increased hydrophobicity (Xiong et al., 2023), and so the environmental 
relevance of this compound should be assessed.

TCPP-M231 was exclusively detected in the sample after treatment 
with G. lucidum. It is likely that this compound is a tautomer of 
chloropropyl-hydroxypropyl phosphate. This suggests that G. lucidum, 
unlike T. versicolor, is capable of hydrolyzing at least one of the chains in 
the TCPP structure. Therefore, although common metabolites between 
the two tested fungi are more abundant with the treatment by 
T. versicolor while residual TCPP is lower, the extent of the degradation 
pathway is greater with G. lucidum, which is an important aspect to 
consider when evaluating fungal candidates.

Based on the preceding discussion, a degradation pathway was 
proposed for the main isomer of TCPP (TCIPP, see Fig. 3), assuming that 
all the main metabolites correspond to the degradation of this com
pound. Although it is not feasible to provide a detailed representation of 
the metabolic degradative reactions for the least abundant TCPP iso
mers, the presence of secondary isomers for BCPHPP and OH-TCPP 
implies that oxidative dechlorination and hydroxylation are the main 
steps in the degradation of these compounds.

3.1.4. Degradation of TBEP
The rapid depletion of TBEP, coupled with the ether bond within its 

structure, enabled the formation of 20 distinct transformation products, 
as detailed in Table S.7. These products were primarily identified for 
both G. lucidum and P. sanguineus (with the exception of TBEP-M285 in 
the case of the latter), suggesting a shared degradation pathway with 

Fig. 3. Proposed metabolic pathway for TCPP (TCIPP) degradation by the fungi G. lucidum and T. versicolor after 15 days of experimentation. Solid lines denote 
degradative steps for compounds that are certain, while dashed lines indicate steps for the obtention of feasible compounds. Methylation to produce TCPP-M323 is 
highlighted in pink, representing a step proposed for the first time. TCPP-M231 is most likely a tautomer of the molecule in gray. The thermodynamic equilibrium 
displaced in this case to the ketonic form instead of the enolic form is represented by a longer red arrow. The area highlighted in orange represents a pathway that is 
only achieved by the fungus G. lucidum.
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T. versicolor, the third fungal candidate also able to completely remove 
TBEP. The primary products were mainly produced by dealkylation of 
TBEP, although hydroxylation was also performed, along with deme
thylation, a step proposed for the first time in this study for TBEP 
degradation. Further secondary products were obtained by subsequent 
hydroxylation and oxidation reactions on the initially formed metabo
lites. For clarity, the degradation pathway was segmented into the 
obtention of the primary metabolites (refer to Fig. 4) and the subsequent 
hydroxylation and oxidation processes of each, detailed in figs. S.7-S11. 
Most of the primary metabolites were further confirmed by NMR, 
although none of the secondary metabolites were identified, except for 
one isomer of TBEP-M431, which will be discussed in greater detail.

TBEP-M415 was identified as the hydroxylated form of TBEP (OH- 
TBEP), proving that hydroxylation is an initial step in the metabolism of 
TBEP by the two tested fungi, as observed previously for the other tested 
OPFRs. For P. sanguineus, two isomers were detected, with the most 
abundant being 3-OH-TBEP (TBEP-M415–1), which was confirmed by 
NMR due to the observation of the presence of the 3-OH-butoxy moiety 
(Table S.8). This isomer was also identified as predominant in liver 
preparations through both NMR (Van den Eede et al., 2015) and com
parison with authentic standards (Hou et al., 2018). The second isomer 
(TBEP-M415–2) is tentatively identified as 2-OH-TBEP, following the 
suggestions of (Van den Eede et al., 2015), consistent with the degra
dation pathway of TBP. In the case of G. lucidum, only one isomer of OH- 
TBEP was detected, most likely corresponding to 3-OH-TBEP. The 
occurrence of hydroxylation at the terminal carbon atoms of the butoxy 
moiety enhances the molecule’s stability (Testa and Krämer, 2008).

Three secondary metabolites derived from OH-TBEP were identified 
and represented in Fig. S.7: TBEP-M413, TBEP-M431 and TBEP-M429. 
The detection of two isomers of TBEP-M431 ((OH)2-TBEP) suggests 
further hydroxylation of the OH-TBEP isomers. Since NMR confirmed 

the presence of chains hydroxylated in the third carbon, one of these TPs 
could certainly be 3-(OH)2-TBEP (TBEP-M431–1). We postulate that the 
other hydroxylation occurs either at the second carbon atom of 3-OH- 
TBEP (for both fungi), or at the third carbon atom of the proposed 2- 
OH-TBEP (for P. sanguineus).

Interestingly, two isomers were identified for TBEP-M413 in both 
P. sanguineus and G. lucidum, corresponding to the ketonic forms of OH- 
TBEP (Ket-OH-TBEP). This suggests that the second isomer of OH-TBEP 
may also be generated by G. lucidum, and probably completely trans
formed by the end of the experiment. TBEP-M429 (Ket-(OH)2-TBEP) 
isomers could occur either through the hydroxylation of TBEP-M413 
isomers or by the oxidation of one hydroxyl radical for each isomer of 
(OH)2-TBEP.

TBEP-M343 was identified as bis(2-butoxyethyl) 2-hydroxyethyl 
phosphate (BBEHEP), through UHPLC-HRMS and was confirmed by 
NMR (Table S.8 and Figs. S.12 to S.14), given the detection of the 2- 
hydroxyethyl moiety bonded to a phosphorus group. The presence of 
this structure in the registered spectrum could also confirm the structure 
of TBEP-M287 (BEBHEP).

According to (Liang et al., 2023), BBEHEP results from the ether 
cleavage of OH-TBEP. TBEP-M341 is most likely the aldehyde form of 
BBEHEP (Ald-BBEHEP), obtained after oxidation. Additionally, two 
isomers of hydroxylated BBEHEP (TBEP-M359/OH-BBEHEP) were 
identified, suggesting hydroxylation of BBEHEP. The exact position of 
the hydroxyl group could not be confirmed by NMR probably due to a 
lower concentration in the sample, but it is possible that it occurs 
similarly to OH-TBEP hydroxylation, where the most abundant isomer 
(TBEP-M359–1) is hydroxylated at the third carbon, while the other 
(TBEP-M359–2) might be hydroxylated at the second carbon. The pair of 
hydroxylated aldehyde isomers (TBEP-M357/Ald-OH-BBEHEP), could 
result from either oxidation of OH-BBEHEP isomers, or hydroxylation of 

Fig. 4. Proposed metabolic pathway for TBEP degradation by the fungi G. lucidum and P. sanguineus after 15 days of experimentation. Solid lines denote degradative 
steps for compounds that are certain, while dashed lines indicate steps for the obtention of feasible compounds. Demethylation to produce TBEP-M371 is highlighted 
in pink, representing a step proposed for the first time.
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Ald-BBEHEP, possibly at the third and second carbons, respectively. 
Finally, a subsequent hydroxylation of OH-BBEHEP isomers would yield 
the formation of two other isomers of TBEP-M375/(OH)2-BBEHEP (refer 
to Fig. S.8).

TBEP-M287/BEBHEP could arise from dealkylation of either OH- 
BBEHEP (TBEP-M359) or BBEHEP (TBEP-M343). Additionally, we 
propose that TBEP-M303/OH-BEBHEP features the OH group on the 
third terminal carbon, like previously proposed hydroxylated metabo
lites. The aldehyde form of BEBHEP (TBEP-M285/Ald-BEBHEP) was 
only detected in G. lucidum, indicating that oxidation of this metabolite 
was not performed by P. sanguineus. The formation of these secondary 
metabolites is displayed in Fig. S.9. Furthermore, TBEP-M243/BEHEP 
can originate from hydrolysis of BEBHEP.

Further cleavage of the ethyl moiety in the reacting chain of BBEHEP 
could result in the formation of bis(2-butoxyethyl) hydrogen phosphate 
(TBEP-M299), also known as BBEP, the presence of which was 
confirmed by NMR (Table S.8 and Figs. S.12 to S.14) (Godinot et al., 
2016). Two sequential hydroxylations (refer to Fig. S.10) would yield 
the formation of TBEP-M315/OH-BBEP (3 isomers, hypothesized to 
correspond to OH addition in the third, second, and first carbon of the 
butoxy moiety, respectively) and TBEP-M331/(OH)2-BBEP (one isomer, 
possibly from hydroxylation of the first isomer of OH-BBEP at the third 
carbon).

An unknown transformation product, TBEP-M371 most likely cor
responds to C16H35O7P (bis(2-butoxyethyl) 2-ethoxyethyl phosphate), 
although its identity was not verified by NMR. TBEP-M371 is possibly 
obtained by demethylation of the parent compound, where two methyl 
radicals are cleaved. Although this type of demethylation has been re
ported before for WRF (Grinhut et al., 2011; Hu et al., 2022), it is the 
first time it is reported as a step in TBEP degradation. Presumably, TBEP- 
M387 and TBEP-403 (two isomers) are obtained after successive 
hydroxilations of TBEP-M371 (see Fig. S.11). Addition of the OH group 
has been proposed to occur on the third carbon for TBEP-M387 and on 
the third and second carbon for the isomers of TBEP-403 following the 
trend used until now.

The numerous transformation products that were obtained make it 
challenging to determine the primary pathway, based on individual 
metabolite abundance, as most of the primary metabolites underwent 
further transformations, with varying extents between the fungal 
matrices. For practicality, areas were grouped into main transformation 
routes, where the primary products and their hydroxylated and oxidized 
derivatives were considered (refer to Table S.7).

The most important transformation route in both fungal matrices 
was TBEP initial hydrolysis to BBEHEP and its secondary products. 
These results align with other research, were BBEHEP (Liang et al., 
2023; Van den Eede et al., 2015) and/or their secondary metabolites 
(Arukwe et al., 2018; Van den Eede et al., 2013) were the most abundant 
products. Hydroxylation and second hydrolysis also contribute signifi
cantly to TBEP transformation, although discrepancies were observed 
between the two tested fungi. Thus, hydroxylation products were more 
abundant than BEBHEP and its secondary metabolites for G. lucidum, 
whereas the opposite was true for P. sanguineus. Hydroxylation also 
proved relevant in TBEP degradation in liver preparations (Hou et al., 
2018; Van den Eede et al., 2015) and wastewater treatment facilities 
(Choi and Kim, 2021).

Notably, BEBHEP was only recently detected for the first time as the 
second most abundant metabolite after bacterial degradation of TBEP 
(Liang et al., 2023), highlighting a newly reported pathway. The 
importance of the other degradation routes varies between fungal 
matrices. For instance, in the case of P. sanguineus the proposed deme
thylation route slightly outweighs hydrolysis to obtain BBEP, which in 
turn is the fourth most important route for G. lucidum. The formation of 
BEHEP cannot be comparable to the other proposed routes, as in this 
case no hydroxylated or oxidized secondary metabolites were detected.

3.2. Toxicity assessment

Toxicity data for the degradation of each parent compound to Vibrio 
fischeri is presented in Table 3. The results show a similar behavior to the 
toxicity observed in the degradation of compounds mixtures (Losantos 
et al., 2024b), where toxicity increases after degradation, confirming 
this pattern among all tested compounds. Additionally, the toxicity 
patterns align with findings from this previous study, where samples 
from the degradation with P. sanguineus exhibit the highest toxicity, 
followed by those with T. versicolor, and finally those with G. lucidum, 
which show the lowest toxicity.

Solubility in water, logarithm of the octanol-water partition coeffi
cient (Log Kow), and theoretical LC50 and EC50 toxicity values for fish, 
daphnia and green algae were predicted by ECOSAR for each parent 
compound and the resulting TPs. These results are displayed in tables 
S.9-S.12. The generally lower Log Kow values indicate that all the sur
veyed metabolites are more hydrophilic than their parent compounds, 
with most of them also being more water-soluble (with a few exceptions 
that will be discussed). This suggests that most of the obtained TPs have 
a lower potential for bioaccumulation in aquatic organisms and humans 
(Hou et al., 2021) than their precursors.

In silico toxicity values were interpreted by comparison with the 
threshold values stablished by the Globally Harmonized System of 
Classification and Labelling of Chemicals (Winder et al., 2005). Thus, 
the compounds were classified into four categories regarding LC50 and 
EC50 values: very toxic (< 1 mg/L), toxic (between 1 and 10 mg/L), 
harmful (between 10 and 100 mg/L) and not harmful (>100 mg/L), 
with different colors representing each category, as explained in the 
supplementary section. Interestingly, all TPs displayed less toxicity than 
their parent compounds for the three reported organisms. This could 
suggest that the observed increase in toxicity after fungal degradation is 
caused by synergic effects of the mixtures of TPs.

By looking further into detail, there are some transformation prod
ucts that despite having lower predicted toxicities, remain toxic or 
harmful to organisms reported in the ECOSAR, or have been reported to 
exhibit specific toxic traits. For instance, dehydrogenation of TBP, pre
dicted to be toxic to all three organisms, results in TBP-M265 which 
remains toxic to daphnia, fish and green algae. OH-TBP, in its three 
isomeric forms, remains harmful for the tree organisms and is the most 
abundant TP. The presence of hydrophilic OH-functional groups can 
increase a compound’s biological reactivity and potential toxicity (Choi 
and Kim, 2021). DBP, also potentially harmful for the reported organ
isms, has strong endocrine disrupting effects and may limit human nu
clear receptor activity (Kojima et al., 2016; Q. Zhang et al., 2020). DBP is 
also commonly used as a biomarker for studying OPFRs effects in 
humans, along with other OPFRs diesters. As such, exposure to DBP has 
been associated with altered serum sex hormone levels in various age 
groups (Luo et al., 2020; Wei et al., 2020) and chronic kidney disease in 
humans (Kang et al., 2019). The presence of these numerous potentially 
toxics TPs could explain the elevated toxicity resulting from TBP 
degradation by P. sanguineus. Also, it is likely that samples degraded by 
P. sanguineus present a higher toxicity than those degraded by 
T. versicolor and G. lucidum because of the presence of TBP-M265 and the 
accumulation of DBP, although this should be verified.

In the case of TCEP, which is initially harmful to fish and green algae, 
none of the transformation products is harmful to the reported organ
isms. However, as explained before, it is likely that chloroacetaldehyde 
is an intermediate product in TCEP degradation pathway. Chlor
oacetaldehyde itself is predicted as harmful to fish (LC50 = 39.1 mg/L), 
daphnia (LC50 = 42.9 mg/L) and green algae (EC50 = 20.4 mg/L). 
Chloroacetaldehyde itself is predicted as harmful to fish (LC50 = 39.1 
mg/L), daphnia (LC50 = 42.9 mg/L) and green algae (EC50 = 20.4 mg/ 
L). On the other hand, although BCEP is predicted to be not harmful, 
human exposure to it has also been related to chronic kidney disease 
(Kang et al., 2019).

For TCPP, the higher abundance of transformation products after 
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degradation by T. versicolor compared to G. lucidum, which is associated 
with a greater degradation of TCPP (refer to Table 2), may explain the 
increased toxicity observed. Since TCPP is a mixture of three isomers, 
only the products from TCIPP degradation were analyzed using the 
ECOSAR program. TCIPP was predicted as harmful to all reported spe
cies, while TCIPP-M231 remained harmful for green algae. Considering 
that this product is exclusive to G. lucidum degradation, its contribution 
to overall toxicity may be less significant. TCIPP-M323 however, re
mains harmful to fish and green algae and is less water-soluble than 
TCIPP, indicating that methylation could increase toxicity. Lastly, OH- 
TCPP, continues to be harmful to fish and, similar to OH-TBP, could 
have potential toxicity. To the best of our knowledge, no specific toxic 
effects of any of the identified TPs for TCIPP degradation have been 
reported.

TBEP is harmful to fish and daphnia and toxic to green algae. 
Although most of the identified TPs are predicted to be non-harmful, 
some products might exert higher toxicity. This could be the case of 
the aldehydic form of BBEHEP (TBEP-M341) that remains harmful to all 
the species. Though BBEHEP and OH-TBEP are predicted as non- 
harmful, they are strong endocrine disruptors via nuclear receptors, 
unlike BBEP, which shows no activity (Kojima et al., 2016). For both 
fungal candidates (P. sanguineus and G. lucidum), hydrolysis for obtain
ing BBEHEP and its derivatives is the main degradation route, while 
hydroxylation is the second most important one for P. sanguineus. 
Another potentially toxic TP is TBEP-M371, harmful for all three re
ported species, indicating that demethylation is not an efficient route. 
These TPs were considerably more abundant in P. sanguineus than in 
G. lucidum (TP area ratio of 4.99 for BBEHEP and Ald-BBEHEP, 15.17 for 
OH-TBEP, and 24.65 for TBEP-M371), which could explain the notably 
higher toxicity observed after TBEP degradation by P. sanguineus, 
despite both fungi completely degrading TBEP and having a similar total 
abundance of TPs.

The experimental toxicities observed in Vibrio fischeri and the theo
retical predicted values are valuable biological indicators of the poten
tial harmful effects of the degradation of the tested OPFRs by WRF. 
However, since TPs were identified and toxicities were measured for 
each parent compound under controlled, sterile Erlenmeyer conditions, 
where even potentially toxic intermediate products (Ji et al., 2020; Van 
den Eede et al., 2016b) might accumulate without detection, these 
findings must be evaluated in the context of real wastewater treatment. 
In such environments, endogenous bacteria could further degrade the 
transformation products (Yang et al., 2020; Yu et al., 2019)potentially 
altering toxicity.

4. Conclusions

Transformation products were successfully identified for the fungal 
degradation of each targeted OPFR and pathways were proposed for the 
first time. Our findings highlight common mechanisms employed by the 
WRF for OPFRs degradation such as hydroxylation, hydrolysis and 
oxidative dechlorination. These mechanisms are consistent with the 
expected role of the CYP450 intracellular enzymatic system and are 
supported by previous studies that explored CYP450’s role in OPFRs 
breakdown across various species.

Moreover, this study proposes novel degradation mechanisms such 
as dehydrogenation, reductive dechlorination, methylation and 

demethylation which have not been previously reported, adding new 
insights into OPFRs biological degradation. Additionally, several 
potentially toxic transformation products were identified, which will be 
prioritized for further evaluation in real wastewater experiments.
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Míriam Pérez-Trujillo: Validation, Data curation. Ethel Eljarrat: 
Writing – review & editing, Supervision. Montserrat Sarrà: Writing – 
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Glòria Caminal: Writing – review & editing, Supervision, Methodology.

Funding

This work was supported by projects PID2019-103989RB-100 and 
TED2021-130639B-I00 financed by MCIN/AEI/10.13039/5011000110 
33 and Unión Europea NextGenerationEU/PRTR. This work was 
partially supported by the Generalitat de Catalunya (Consolidated 
Research Group 2021-SGR-01008).

Diana Losantos acknowledges support from MCIN predoctoral 
research grant ref. PRE2020–095902.

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.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.178260.

Data availability

Data will be made available on request.

References

Abdallah, M.A.E., Zhang, J., Pawar, G., Viant, M.R., Chipman, J.K., D’Silva, K., 
Bromirski, M., Harrad, S., 2015. High-resolution mass spectrometry provides novel 
insights into products of human metabolism of organophosphate and brominated 
flame retardants. Anal. Bioanal. Chem. 407, 1871–1883. https://doi.org/10.1007/ 
s00216-015-8466-z.

Abe, K., Mukai, N., Morooka, Y., Makino, T., Oshima, K., Takahashi, S., Kera, Y., 2017. 
An atypical phosphodiesterase capable of degrading haloalkyl phosphate diesters 
from Sphingobium sp. strain TCM1. Sci. Rep. 7, 2842. https://doi.org/10.1038/ 
s41598-017-03142-9.

Al-Salem, A.M., Saquib, Q., Al-Khedhairy, A.A., Siddiqui, M.A., Ahmad, J., 2020. Tris(2- 
chloroethyl) phosphate (TCEP) elicits hepatotoxicity by activating human cancer 
pathway genes in HepG2 cells. Toxics 8, 1–17. https://doi.org/10.3390/ 
toxics8040109.

Antonopoulou, M., Vlastos, D., Dormousoglou, M., Bouras, S., Varela-Athanasatou, M., 
Bekakou, I.E., 2022. Genotoxic and toxic effects of the flame retardant tris 
(chloropropyl) phosphate (TCPP) in human lymphocytes. Microalgae and Bacteria. 
Toxics 10, 736. https://doi.org/10.3390/toxics10120736.
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Martínez-Alonso, M., 2024. Biodegradation of tri-butyl phosphate by Trametes 
versicolor and its application in a trickle bed reactor under non-sterile conditions. 
Environ. Technol. Innov. 103867. https://doi.org/10.1016/j.eti.2024.103867.
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