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a b s t r a c t 

Organic pollutants that are introduced into the aquatic ecosystem can transform by various mechanisms. 

Biotransformation is an important process for predicting the remaining structures of pollutants in the 

ecosystem, and their toxicity. This study focused on triphenyl phosphate (TPHP), which is a commonly 

used organophosphate flame retardant and plasticizer. Since TPHP is particularly toxic to aquatic organ- 

isms, it is essential to understand its biotransformation in the aquatic environment. In the aquatic ecosys- 

tem, based on consideration of the producer-consumer-decomposer relationship, the biotransformation 

products of TPHP were identified, and their toxicity was predicted. Liquid chromatography-high resolu- 

tion mass spectrometry was used for target, suspect, and non-target analysis. The obtained biotransfor- 

mation products were estimated for toxicity based on the prediction model. As a result, 29 kinds of TPHP 

biotransformation products were identified in the aquatic ecosystem. Diphenyl phosphate was detected as 

a common biotransformation product through a hydrolysis reaction. In addition, products were identified 

by the biotransformation mechanisms of green algae, daphnid, fish, and microorganism. Most of the bio- 

transformation products were observed to be less toxic than the parent compound due to detoxification 

except some products (hydroquinone, beta-lyase products, palmitoyl/stearyl conjugated products). Since 

various species exist in a close relationship with each other in an ecosystem, an integrated approach for 

not only single species but also various connected species is essential. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Flame retardants are additives used in products by the manu- 

acturing industry to inhibit combustion. Brominated flame retar- 

ants (BFRs) have been widely applied in manufacturing since the 

960s, as they are flame retardant in small amounts ( Birnbaum and 

taskal, 2004 ). However, BFRs have negative effects in the envi- 

onment; they are persistent chemicals in water, and are subject 

o bioaccumulation ( Kemmlein et al. , 2009 ). Alternative flame re- 

ardants, including organophosphate esters (OPEs), have been pro- 

uced to address this issue, and made up 14% of total flame retar- 
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ant production in 2004 ( Brandsma et al. , 2013 ). Among the OPEs, 

riphenyl phosphate (TPHP) is specified by the EPA as an alterna- 

ive substance, for which the total national production was 1–10 

illion pounds in 2015 ( Epa, 2019 ). In addition, TPHP is widely 

sed when manufacturing electronic products to the extent that it 

as investigated 2–3 times more than other OPEs in smartphones 

 Zhang et al. , 2019 ). 

TPHP has been detected in various surface water and wastew- 

ter treatment plants (WWTPs): 11 and 165 ng/L from the River 

iber in Italy ( Bacaloni et al. , 2007 ); 76–290 ng/L in the influent

nd up to 130 ng/L in the effluent of Swedish WWTPs ( Marklund 

t al. , 2005 ); and an average concentration of 130 ng/L in the in-

uent and 70 ng/L in the effluent of German WWTPs ( Meyer and 

ester, 2004 ). Since TPHP is mixed into the product without chem- 
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cal bonding, it can easily flow into the water system ( Li et al. ,

014 ). Therefore, research on the effects of TPHP on the aquatic 

cosystem is urgently needed. The concentration of TPHP in organ- 

sms has been observed to be an average of 17.1 ng/g lipid in fish

rom the Great Lakes, and 76 ng/g lipid (21–180 ng/g lipid) in fish 

rom the Swedish lakes ( Guo et al. , 2017 ; Sundkvist et al. , 2010 ). 

A previous study introduced that TPHP is more toxic than 

ther halogen-free flame retardants ( Waaijers et al. , 2013a ). TPHP 

s particularly toxic to the aquatic ecosystem. Microalgae exposed 

o TPHP show inhibited cell growth and various altered metabo- 

ites. Not only membrane integrity, but also ROS (reactive oxy- 

en species), can be reduced ( Wang et al. , 2019 ). Chronic exposure

o TPHP in water fleas has been shown to cause growth inhibi- 

ion, decreased reproduction, and genetic modification ( Yuan et al. , 

018 ). The toxicity of TPHP inhibited the expression of zebrafish 

eart morphogenetic nuclear receptors ( Isales et al. , 2015 ). 

TPHP, which exists in the aquatic environment and has a toxic 

ffect on or ganisms, can be transformed in the body. Biotransfor- 

ation mechanisms include phase I of oxidation–reduction, hy- 

rolysis, and the phase II reaction, which is an enzymatic reaction 

 Lopardo et al. , 2018 ). When organic pollutants are introduced into 

n organism, the phase I reaction occurs generally, and phase II ap- 

ears in different patterns depending on the chemicals or species. 

he substances generated at this time are called biotransformation 

roducts (BTPs). In general, the enzyme that induces oxidation in 

hase I is cytochrome P450 monooxygenase (CYP). CYP transforms 

ydrophobic organic pollutants into water-soluble compounds for 

etoxification and excretion from the body ( Schlenk et al. , 2008 ). 

YP was present in living organisms even before oxygen in the at- 

osphere existed, and now almost all organisms have it through 

volution ( Lamb et al. , 2009 ). However, enzyme reactions like sul- 

ation and glucuronide conjugation have been identified as occur- 

ing specifically in each species ( Peng et al. , 2014 ). Therefore, it is

ecessary to study the biotransformation of OPEs in various aque- 

us species. 

Research has progressed to often evaluating the effect of TPHP 

n a single aquatic species, but comparative studies of biotrans- 

ormation between species by food chain remain insufficient. Or- 

anisms increase the size by ingesting sub-trophic species in the 

quatic ecosystem, and these processes could affect final preda- 

ors ( Steele, 2001 ). Hydrophobic chemicals with high K ow 

values 

ioaccumulate in the lipid tissues of an organism, and move along 

he food chain ( Kim et al. , 2011 ). The log K ow 

of TPHP is 4.6 (Sids,

002 ), so it is possible for it to move from a lower species to an

pper species in the food chain. 

Metabolism is associated with similar biotransformation path- 

ays in different species. This is because maintaining the early 

volved biotransformation pathways is the optimal result from an 

volutionary biology point of view ( Ebenhöh and Heinrich, 2001 ). 

n the other hand, organisms have specific biotransformation 

echanisms. The metabolite profile of a particular species re- 

ults from species-specific combinations of functional properties 

 Gargallo-Garriga et al. , 2020 ). Exposure to TPHP by aquatic species 

ould lead to organism-specific reactions, as well as general bio- 

ransformations. Therefore, an integrated approach centered on the 

roducer-consumer-decomposer relationship is needed. 

In this study, microalgae (producer), invertebrates (primary 

onsumer), and fish (secondary consumer) were used to con- 

rm the biotransformation of TPHP in the aquatic ecosystem. Wa- 

er from a WWTP was also obtained to identify the degradation 

roducts from microorganisms. BTPs analysis improved the accu- 

acy, precision, and reliability, using liquid chromatography-high- 

esolution mass spectrometry (LC-HRMS/MS). The purpose of this 

tudy was to identify the BTPs of TPHP in the aquatic ecosystem, 

onsidering the producer-consumer-decomposer relationship, and 

o compare biotransformation mechanisms according to species. 
2 
he prediction of toxic effects when organic pollutants are intro- 

uced into the aquatic environment is the ultimate goal of this re- 

earch. The BTPs of TPHP not only lack screening data, but we also 

ave an insufficient understanding of their toxicity. Therefore, this 

tudy estimated the effect of TPHP in the aquatic environment by 

redicting the toxicity of BTPs in aquatic species. 

. Materials and methods 

.1. Chemicals and reagents 

For analysis of organisms, triphenyl phosphate (TPHP ≥99%), 

iphenyl phosphate (DPHP ≥99%), and triphenyl phosphate-d15 as 

n internal standard (TPHP-d 15 , 98 atom % D) were purchased from 

igma-Aldrich (St. Louis, MO, USA). Methanol and water (HPLC 

rade), which were used as analytical solvents, were prepared 

y Thermo Fisher Scientific (St. Waltham, MA, USA). Formic acid 

 ≥95%, Sigma-Aldrich) was added to the solvents for analysis. 

.2. Culture of experimental species 

To elucidate the biotransformation reaction of TPHP, represen- 

ative species of the aquatic food chain were selected. Producer 

icroalgae ( Raphidocelis subcapitata ), a primary consumer inver- 

ebrate ( Daphnia magna ), and a secondary consumer fish ( Oryzias 

atipes ) were used as the experimental species. 

Raphidocelis subcapitata ( R. subcapitata ), used for the biotrans- 

ormation experiments, were managed according to the OECD 

 Oecd, 2011 ) and EPA guidelines ( Weber, 1991 ). The culturing 

ediums were prepared with Bold’s basal medium (BBM) from 

ioworld (Dublin, OH, USA.): 250 mg/L NaNO 3 , MgSO 4 •7H 2 O 

5 mg/L, NaCl 25 mg/L, K 2 HPO 4 75 mg/L, KH 2 PO 4 175 mg/L, 

aCl 2 •2H 2 O 25 mg/L, FeSO 4 •2H 2 O 8.82 mg/L, H 2 SO 4 1 mL/L,

a 2 EDTA •2H 2 O 50 mg/L, KOH 31 mg/L, H 3 BO 3 11.42 mg/L, and

race elements (ZnSO 4 •7H 2 O 8.82 mg/L, MnCl •4H 2 O 1.44 mg/L, 

oO 3 0.71 mg/L, CuSO 4 •5H 2 O 1.57 mg/L, Co(NO 3 ) •6H 2 O 

.49 mg/L) in distilled water. R. subcapitata (density > 2–3 × 10 7 

ell/mL) were cultured with BBM mixture in 1 L flask. The incuba- 

ion was maintained 12 h/12 h as a light/dark cycle at 22 ±1 °C. 

icroalgae were incubated with aeration for at least three days 

or environmental adaptation. The number of cells in the microal- 

ae solution was measured by a UV–vis spectrometer (Shimadzu, 

apan) at 684 nm. 

Daphnia magna ( D. magna ) was the experimental species repre- 

enting a primary consumer in the aquatic ecosystem. The details 

f the experimental method have been introduced in a previous 

tudy ( Choi et al. , 2020 ). Briefly, D. magna consumed microalgae 

 R. subcapitata ) and YCT (Yeast, Cerophyl®, Trout Chow) daily. For 

he experiment, daphnids were collected from the new generation 

nce they were 21-day-old adults. The obtained organisms were 

ultured for seven days to use in the experiment. 

Oryzias latipes ( O. latipes ), as test organisms for the experiment, 

ere cultured by following the EPA guidelines ( Weber, 1991 ). The 

ulturing medium was 0.192 g/L NaHCO 3 , 0.12 g/L MgSO 4 , 0.12 g/L 

aSO 4, and 0.008 g/L KCl in Milli-Q water. Brine shrimp ( Artemia ) 

ere fed daily to the fish, and incubation conditions were main- 

ained as follows: 24 ±2 °C, 16 h/8 h light/dark cycle. Fish of at 

east six months of age were used for the biotransformation anal- 

sis. 

.3. Sample preparations 

TPHP, as the target compound, was exposed to Raphidocelis 

ubcapitata, Daphnia magna , and Oryzias latipes for the same ex- 

osure time (24 hours) and concentration (100 μg/L), to con- 

rm the biotransformation in the study. Since the NOEC (no ob- 
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erved effect concentration) values of microalgae, invertebrate, and 

sh were all over 100 μg/L (Epa, 2007 ; Millington et al. , 1988 ;

itthichaikasem, 1978 ; Waaijers et al. , 2013b ), the exposure con- 

entration of 100 μg/L was judged to be suitable to identify the 

iotransformation products. 

aphidocelis subcapitata 

Incubated microalgae were prepared at a density of 5 × 10 7 

ell/mL in 100 mL of BBM with 100 μg/L TPHP as the final con- 

entration. R. subcapitata in triplicate samples were exposed for 

4 h, then 100 mL of microalgae suspension was collected in a 

50 mL polyethylene bottle for centrifugation (10,0 0 0 g, 10 min, 

 °C; Hanil, South Korea). Supernatants from the samples were 

tored separately for further treatment using solid phase extrac- 

ion (SPE). Six hundred micro-liters of internal standard and TPHP- 

15 injected into the cell re-suspension to make a final volume of 

 mL. The samples underwent freeze-thaw cycles three times in 

iquid nitrogen to extract the biotransformation products. The mi- 

roalgae were homogenized two times for 2 min at 30 Hz using 

 TissueLyserII shaker (QIAGEN, Germany). The samples were cen- 

rifuged once again in the same conditions, and the supernatants 

ere filtered with a 0.2 μm cellulose acetate filter (ADVANTEC®, 

apan). Biota samples were kept at –80 °C before analysis. 

aphnia magna 

For the experiment, 50 D. magna were collected in a 500 mL 

ulture medium as triplicates, and individually exposed to a final 

oncentration of 100 μg/L TPHP. After 24 hours, D. magna and the 

emaining medium were separated. Daphnids, 200 μL of internal 

tandard, and 200 μL methanol were placed in a 2 mL microtube. 

he sample was homogenized twice at 15 sec, 8 Hz, using a Tis- 

uelyser II shaker, before 600 μL of methanol was injected into the 

omogenization sample and it was filtered with a 0.2 μm cellu- 

ose acetate filter. It was then stored until analysis. The details have 

een further described in previous research ( Choi et al. , 2020 ). 

ryzias latipes 

TPHP, as an experimental compound, was prepared at 100 μg/L 

n 1 L of culture medium containing five individual O. latipes in 

riplicate. After exposure, the fish were rinsed in distilled water 

nd dried on a tissue. TPHP-d 15 (internal standard) and methanol 

ere added with the fish to give a 5 mL final volume. The samples

ere disrupted twice at 45 sec, 20 Hz, by a TissueLyserII shaker 

n a stainless steel grinding jar (10 mL) with beads (20 mm). Af- 

er homogenization, the samples were added to 5 mL of methanol 

nd filtered by a 0.2 μm cellulose acetate filter. The samples were 

iluted two-fold with methanol for the analysis. 

.4. Sample collection from the wastewater treatment plant 

Samples of wastewater were obtained in April 2020 at the 

rst wastewater treatment plant (WWTP) in Gwangju, Korea 

35 °09 ′ 22.7 ′′ N 126 °49 ′ 51.8 ′′ E). The facility, which discharges efflu- 

nt into the Youngsan River, treats 60 0,0 0 0 tons/day and covers an

rea of about 450,0 0 0 m 

2 . The samples were obtained from three

tages of the treatment process in triplicate: influent, settling tank 

fter bioreactors, and effluent. Water was collected in an amber 

ottle so that the final volume was more than 1 L. To minimize 

he biotransformation of chemicals, filtration was performed using 

 125 mm diameter GF/C microfiber filter immediately after sam- 

ling. 

The samples were extracted using auto solid-phase extraction 

SPE; AutoTrace 280, Thermo Scientific) to identify TPHP, as well as 

egradation products, from the water of the WWTP. A total of 100 

L of internal standard was added, with the final volume of the 
3 
astewater samples was adjusted to 1 L, before 6 mL, 500 mg Oa- 

is HLB cartridges (Waters, USA) were conditioned with 5 mL dis- 

illed water and the same volume of methanol. The samples were 

oaded at 8 mL/min, and the cartridge was dried with nitrogen gas 

or 40 min. Elution was obtained with methanol as a final 10 mL 

olution. The samples were concentrated to a final volume of 1 mL 

n methanol by a nitrogen concentrator (Hurricane-lite, Chongmin 

ech, Korea). 

.5. Qualitative analysis of biotransformation products 

Three kinds of aquatic species ( R. subcapitata, D. magna, and O. 

atipes ) and wastewater samples were analyzed to identify BTPs. 

he samples were analyzed using an ultra-high-performance liquid 

hromatography-electrospray ionization-quadrupole orbitrap mass 

pectrometer system (UHPLC-HRMS/MS, Thermo Fisher Scientific 

nc, USA). The mobile phase was water with 0.1% formic acid (A), 

nd methanol without formic acid (B). The samples were injected 

n the Xbridge C18 column (2.1 ⅹ 50 mm, 3.5 μm; Waters, USA) for 

nalyte separation. The UHPLC gradients are described in Supple- 

entary Table S1. The operation conditions were as follows: 10 μL 

njection volume, 45 L/min sheath gas, 10 L/min auxiliary gas, and 

20 °C capillary temperature. The analysis was conducted in pos- 

tive and negative modes: the source voltages were 3.8 kV in the 

ositive mode and –3 kV in the negative mode. The full scan acqui- 

ition was from 50 to 750 m/z , with a mass resolution of 140,0 0 0

nd 10 ppm of mass accuracy. 

Approaches to identifying BTPs using Orbitrap included tar- 

et, suspect, and non-target screening. Target screening could be 

onfirmed using existing reference standards. Without the stan- 

ards, BTPs are verified by the suspect or non-target screening 

ethod. Suspect screening is a prediction of the structures for sus- 

ected BTPs through the mechanism of the organisms. Non-target 

creening is an analytical method applied to unexpected prod- 

cts ( Schymanski et al. , 2015 ). Orbitrap was analyzed using data- 

ependent MS/MS fragmentation for the five most intensive ions 

or the parent and its BTP mass list in the full scan. The database 

f the mass list was constructed by target and suspect screening. 

or target screening, the purchased standards were used, or the 

ass spectral database (m/zCloud: HighChem LLC, Slovakia) was 

ited ( https://www.mzcloud.org/ ). Specifically, the mass spectrum 

f BTPs detected in organisms and the database was compared to 

onfirm BTPs information. Suspected structures were identified by 

onsidering the biotransformation mechanisms (phase I and phase 

I) in the organisms, and referring to the EAWAG-BBD pathway pre- 

iction system ( http://eawag-bbd.ethz.ch/predict/ ). Compound Dis- 

overer 2.0 (Thermo Scientific, USA) prediction software was used 

or confirmation of the BTPs. Among the workflow provided by 

ompound Discoverer, Find transformation was utilized. This work- 

ow has the advantage of being able to identify BTPs generated 

hrough transformation pathways I and II from TPHP. BTPs pre- 

icted in the samples were selected by setting a maximum of five 

echanism pathways and 10 ppm of predicted-analyzed value er- 

or. The final non-target screening compounds were determined 

xcept for cases where the intensity of the predicted compounds 

as less than 10 4 and the MS/MS fragment pattern could not be 

nterpreted. 

.6. Quantitative analysis of TPHP in aqueous samples 

For quantification of TPHP, we used liquid chromatography- 

lectrospray ionization tandem mass spectrometry (LC-MS/MS, Ag- 

lent Technologies, USA). The mobile phase was prepared with 

.01% formic acid in water (A) and 0.01% formic acid in methanol 

B). The samples were injected at 20 μL by the Zorbax Eclipse Plus 

18 column (2.1 × 150 mm, 3.5 μm: Agilent Technologies, USA) 

https://www.mzcloud.org/
http://eawag-bbd.ethz.ch/predict/
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or analyte separation. The analysis conditions were as follows: 

.3 mL/min flow rate, 30 °C column temperature, 30 V collision 

nergy, and 200 V fragment voltage. The source flow, temperature, 

ebulizer pressure, and capillary potential were 6 mL/min, 320 °C, 

0 psi, and 50 0 0 V, respectively. The analysis was conducted in 

he positive mode by multiple reaction monitoring (MRM). Two 

airs of the precursor and product ions were used for analysis: 

/z 326.8 > 214.8, 151.8 (TPHP), m/z 251.1 > 251.1, 77.1 (DPHP), and 

/z 341.9 > 222.9, 159.9 (TPHP-d15). The time gradient started at 

0% of solvent B, increased until 100% B at 13 min, and returned 

o 50% B at 15 min, with 5 min remaining for the post-run interval.

.7. Predicted toxicity of biotransformation products 

The ecological structure-activity relationships (ECOSAR) pre- 

icted model was used to predict the toxicity of BTPs detected 

n organisms. The model predicts toxicity based on chemical 

tructure similarity. ECOSAR estimates the acute and chronic 

oxicity for aquatic organisms (plants and animals) from data 

eported to USEPA . In this study, ECOSAR V 1.11, distributed by 

he EPA, was applied ( https://www.epa.gov/tsca- screening- tools/ 

cological- structure- activity- relationships- ecosar- predictive- model )

n the case of the identified BTPs, toxicity prediction through 

tructure was necessary because no existing toxicity studies were 

vailable. Since the research focused on aquatic ecosystem, the 

oxicity values for various aquatic species were predicted us- 

ng ECOSAR. For acute toxicity data, green algae (96 h), daphnids 

48 h), and fish (96 h) were considered based on the LC50. Chronic 

oxicity data (Chronic value, ChV) used the predicted geometric 

ean of the lowest observed effect level (LOEC) and no observed 

ffect level (NOEC). In the absence of LOEC, NOEC was applied 

lone ( Epa, 2020 ). 

. Results and discussion 

.1. Quality assurance and quality control 

Before identifying the BTPs in the aquatic organisms, QAQC 

quality assurance and quality control) of the target compound 

PHP and DPHP was performed. The details are shown in Sup- 

lementary Table S2. The target samples of the experiment were 

. subcapitata, D. magna, O. latipes , and wastewater. Values were 

dentified using LC-MS/MS analysis as quantification. For determin- 

ng the accuracy of the analysis, the recovery and method detec- 

ion limit (MDL) was calculated by exposure to TPHP. The aver- 

ge recovery was obtained at each concentration in triplicate, with 

2–111% of TPHP and 90–111% of DPHP in the organisms and wa- 

er. Seven replicates confirmed the method detection limit (MDL) 

t the same concentration. The MDLs of TPHP were as follows: 

.25 ng/10 7 cells in microalgae, 0.02 μg/g in invertebrates, 0.15 μg/g 

n fish, and 0.02 μg/L in water. The MDL values of DPHP were 

ound to be 0.57 ng/10 7 cells in microalgae, 0.02 μg/g in inverte- 

rates, 0.11 μg/g in fish, and 0.01 μg/L in water (Table S2). The 

eight of all species was expressed as wet weight. 

.2. Identification of biotransformation products in the aquatic 

cosystem 

This study confirmed the biotransformation of TPHP, an alter- 

ative flame retardant, in the aquatic ecosystem in a producer ( R. 

ubcapitata ), consumer ( D. magna, O. latipes ), and decomposer (mi- 

roorganism). Table 1 shows the BTPs of representative aquatic 

pecies exposed to TPHP. Two ion modes of analysis, positive and 

egative modes, were used for the analysis of BTPs. Compared to 

he control group, only chemicals with an intensity of 10 4 or more 

ere selected for the BTPs identified in the experimental group. 
4 
e also checked whether all of them were present in triplicate 

amples. Biotransformation studies specify confidence levels to en- 

ure the reliability of the predicted structure. Level 1 indicates ac- 

urately identified BTPs due to the presence of reference standards. 

evel 2 suggests they could be cited from the literature, or their 

tructure explained following biotransformation reactions. Level 3 

s classified when isotope patterns and fragment information can 

e defined. A prediction program lacking information to explain 

he precise structure is confidence level 4 ( Schymanski et al. , 2014 ).

Through target, suspect, and non-target screening analytical ap- 

roaches, a total of 29 BTPs were identified from the aquatic 

cosystem. The structures and pathways of BTPs produced from 

he parent compound, TPHP, in each aquatic species (microalgae, 

aphnids, fish, and microorganisms) were represented in Fig. 1 . Six 

pecies from microalgae, nine species from daphnids, 18 species 

rom fish, and six species from microorganisms were identified in 

RMS/MS. Fig. 2 shows the major BTPs of TPHP in aquatic species. 

PHP (TP_250) was commonly detected among the products, and 

iven confidence level 1 ( Fig. 2 a). In this study, TP implies an ab-

reviation for the biotransformation product of TPHP. The number 

f TP indicates a neutral mass value. TP_250 was the same com- 

ound as diphenyl phosphate and was assigned to level 1 because 

f a reference standard. TP_250, a hydrolysis product of TPHP, is 

ess cytotoxicity than the parent compound but affects transcrip- 

ional expressions of more genes. According to previous studies, 

ipid regulated genes in cells exposed to TP_250 (DPHP) are down- 

egulated. Therefore, TP_250 might affect gene expression in the 

ody ( Su et al. , 2014 ). 

lgae 

Algae ( R. subcapitata ), the lowest level of the aquatic food chain, 

as used to analyze the biotransformation processes of BTPs in 

he study. After considering the suitability of the biotransforma- 

ion and the possibility of the structure, two BTPs were identi- 

ed in the positive mode and four in the negative mode of HRMS. 

TPs of R. subcapitata exposed to TPHP were not confirmed by sus- 

ected screening. For BTPs without chemical information, a non- 

arget screening could be employed. Meng et al. (2020) developed 

 functional group-dependent screening method through a chemi- 

al database, fragment ion pattern, and NMR analysis to discover 

ew OPEs in indoor dust samples. In this study, the mass frag- 

ent was interpreted by applying prediction software (Compound- 

iscoverer) for non-target screening. 

TP_594 was identified in R. subcapitata ( Fig. 2 b). It was 

ormed by hydroxylation, palmitoyl conjugation, and desaturation 

rom TPHP. Palmitic acid (C 16 H 30 O 2 ) in microalgae produces BTPs 

hrough conjugation bonds with hydroxylated TPHP. The conjuga- 

ion structure of palmitic acid was predicted as palmitoleate by a 

eference ( Nih, 2020 ). M/z 277.21698 confirmed that palmitoleate 

n the form of a saturated fatty acid was combined with the phenyl 

roup of TPHP. The information of other mass fragments (especially 

/z 223.00113) also proved that TP_594 was generated by palmi- 

oyl conjugation of TPHP. 

nvertebrate 

TP_422 was a specific product identified in invertebrates ( D. 

agna ) among BTPs level 1, 2, and 3. The substances produced by 

ulfate conjugation in the daphnid body were TP_422 and TP_438. 

ig. 2 (c) shows the information of mass fragments analyzed by or- 

itrap for TP_422. Based on the precursor ion (C 18 H 14 O 8 PS, m/z 

21.01514), sulfo groups (SO 3 and HSO 4 ) were identified. It is ex- 

ected that sulfate conjugation occurred after hydroxylation be- 

ause hydroxylated TPHP was detected at m/z 341.05838. Since 

ulfate conjugated TPHP was commonly found in fish (TP_422, 

P_438, TP_452, TP_454), sulfate conjugation can be considered an 

mportant mechanism for consumer-level species in the aquatic 

https://www.epa.gov/tsca-screening-tools/ecological-structure-activity-relationships-ecosar-predictive-model
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Table 1 

Information on triphenyl phosphate (TPHP) and its biotransformation products identified in algae, invertebrates, fish, and microorganisms. 

Compound a Formula b Mass of [M + H] + or [M-H] −c RetentionTime (min) FormulaChange Biotransformations d ConfidenceLevel Detection e 

TPHP C 18 H 15 O 4 P [M + H] + : 327.07807 10.99 Parent compound 1 R, D, O, M 

TP_110 C 6 H 6 O 2 [M-H] −: 109.02950 3.58 - C 12 H 9 O 2 P Hydrolysis (2) 1 M 

TP_138 C 7 H 6 O 3 [M-H] −: 137.02440 2.48 - C 11 H 9 OP Hydrolysis, Carboxylation 1 M 

TP_140 C 7 H 8 O 3 [M + H] + : 141.05460 2.48 - C 11 H 7 OP Hydrolysis (2), Reduction (2), Hydroxylation, Carboxylation 2 M 

TP_188 C 7 H 8 O 6 [M + H] + : 189.03940 4.99 - C 11 H 7 P + O 2 Hydrolysis, Hydroxylation (2), Reduction (2), Carboxylation 2 M 

TP_250 C 12 H 11 O 4 P [M-H] −: 249.03222 5.73 - C 6 H 4 Hydrolysis 1 R, D, O, M 

TP_342 C 18 H 15 O 5 P [M + H] + : 343.07299 6.78, 7.74, 9.41 + O Hydroxylation 2 D, O, M 

TP_358a C 18 H 15 O 6 P [M + H] + : 359.06790 6.16, 7.31, 8.58 + O 2 Hydroxylation (2) 2 O 

TP_358b C 18 H 15 O 4 PS [M-H] −: 357.03559 6.57, 8.03 + S GSH conjugation, Cysteine formation, Beta-lyase reaction 4 D, O 

TP_372 C 19 H 17 O 6 P [M + H] + : 373.08355 7.67, 9.43 + CH 2 O 2 Hydroxylation (2), Methylation 3 O 

TP_388 C 19 H 17 O 7 P [M-H] −: 387.06282 9.2 + CH 2 O 3 Hydroxylation (3), Methylation 4 O 

TP_400 C 21 G 21 O 6 P [M-H] −: 399.10029 2.94 + C 3 H 6 O 2 Reduction, Acetylation, Methylation 4 R 

TP_402 C 20 H 19 O 7 P [M + H] + : 403.09412 7.44, 9.51 + C 2 H 4 O 3 Hydroxylation (3), Methylation (2) 3 O 

TP_422 C 18 H 15 O 8 PS [M-H] −: 421.01525 7.76 + O 4 S Hydroxylation, Sulfate conjugation 2 D, O 

TP_438 C 18 H 15 O 9 PS [M-H] −: 437.01016 7.46 + O 5 S Hydroxylation (2), Sulfate conjugation 2, 3 D, O 

TP_445 C 21 H 20 NO 6 PS [M + H] + : 446.08217 8.03 + C 3 H 5 NO 3 S GSH conjugation, Cysteine formation 2 D, O 

TP_452 C 19 H 17 O 9 PS [M-H] −: 451.02472 7.59, 7.89 + CH 2 O 5 S Hydroxylation (2), Sulfate conjugation, Methylation 3 O 

TP_454 C 18 H 15 O 10 PS [M-H] −: 453.00508 6.78 + C 8 H 12 N 4 O 3 Hydroxylation (3), Sulfate conjugation 3 O 

TP_463 C 21 H 22 NO 7 PS [M + H] + : 464.09274 6.56 + C 3 H 7 NO 3 S GSH conjugation, Cysteine formation, Hydration 3 D, O 

TP_502 C 25 H 27 O 9 P [M + H] + : 503.1458 7.09 + C 7 H 12 O 5 Glucoside conjugation, Methylation 4 R 

TP_518 C 24 H 23 O 11 P [M + H] + : 519.10507 7.62 + C 6 H 8 O 7 Hydroxylation, Glucuronide conjugation 2 O 

TP_534 C 24 H 23 O 12 P [M + H] + : 535.0999 6.17, 7.31 + C 6 H 8 O 8 Hydroxylation (2), Glucuronide conjugation 2 O 

TP_536 C 24 H 25 O 12 P [M-H] −: 535.10109 6.97 + C 6 H 10 O 8 Hydroxylation, Glucuronide conjugation, Hydration 4 O 

TP_548 C 25 H 25 O 12 P [M + H] + : 549.11564 7.32 + C 7 H 10 O 8 Hydroxylation (2), Glucuronide conjugation, Methylation 3 O 

TP_578 C 26 H 27 O 13 P [M-H] −: 577.11165 7.41 + C 8 H 13 O 9 Hydroxylation, Glucuronide conjugation, Hydration, Acetylation 4 O 

TP_594 C 34 H 43 O 7 P [M-H] −: 593.26736 16.01 + C 16 H 28 O 3 Hydroxylation, Palmitoyl conjugation, Desaturation 3 R 

TP_600 C 36 H 41 O 6 P [M + H] + : 601.27138 15.88 + C 18 H 26 O 2 Hydroxylation, Stearyl conjugation, Desaturation 4 R 

TP_617 C 28 H 32 N 3 O 9 PS [M + H] + : 618.16696 7.3 + C 10 H 17 N 3 O 5 S Reduction, Dehydration, GSH conjugation 4 D 

TP_628 C 30 H 33 N 2 O 11 P [M + H] + : 629.18948 12.43 + C 12 H 18 N 2 O 7 Hydroxylation, Dehydration, Glucoside conjugation, Glutamine conjugation, 

Methylation 

4 R 

TP_669 C 28 H 36 N 3 O 12 PS [M + H] + : 670.18301 11 + C 10 H 21 N 3 O 8 S Hydroxylation, Reduction, Hydration, GSH conjugation 4 D 

a Abbreviation: TP stands for the biotransformation product of TPHP. The following number is the neutral mass value of the product. 
b Each structure is expressed as a neutral molecular formula. 
c The mass values identified in the positive and negative modes are distinguished. 
d The reaction from TPHP to biotransformation products is shown. The value in parentheses is the number of reactions. 
e The organisms in which biotransformation products were detected are indicated by an abbreviation: Raphidocelis subcapitata (R), Daphnia magna (D), Oryzias latipes (O), and microorganisms (M). 

5
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Fig. 1. Proposed biotransformation pathways of triphenyl phosphate (TPHP) in algae (a), invertebrate (b), fish (c), and microorganisms (d). The TP of the compounds means 

BTPs derived from TPHP. The number represents the neutral mass. 
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cosystem. Sulfate conjugation plays an essential role in regu- 

ating and eliminating the biological activity of various chemi- 

als or xenobiotics ( Kauffman, 2004 ). Sulfotransferase, as an en- 

yme which catalyzes the sulfate conjugation of xenobiotics in the 

ody, shows particularly high activity in the phenol group ( Martin- 

kilton et al. , 2006 ). 

ish 

In fish ( O. latipes ), 18 kinds of biotransformation products of 

PHP were detected in positive (nine BTPs) and negative mode 

nine BTPs). Fig. 2 (d) shows the MS/MS fragment patterns for 
6 
P_518 as the major product. TP_518 was generated by glu- 

uronide conjugation (same as glucuronidation) from hydroxylated 

PHP. The BTPs of fish produced through glucuronide conjuga- 

ion were TP_518, TP_534, TP_536, TP_548, and TP_578. In the 

S/MS fragment of TP_518, C 5 H 5 O 3 ( m/z 113.02331) and C 5 H 7 O 4 

 m/z 131.03401) were expected to be derived from glucuronic 

cid (C 6 H 10 O 7 ). As the same structure as TP_342 was observed at 

/z 343.07266, glucuronic acid was bonded to hydroxylated TPHP 

o form TP_518. TP_518 was O-glucuronide conjugated from the 

ydroxyl group. Previous studies reported the detection of glu- 

uronide TPHP and glucuronide hydroxyl TPHP by exposing ze- 
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Fig. 2. MS/MS fragment patterns of major biotransformation products of triphenyl phosphate (TP) identified in aquatic species. ( a ) TP_250: identical biotransformation 

product in all species, ( b ) TP_594 from algae ( R. subcapitata ), ( c ) TP_422 from invertebrates ( D. magna ), ( d ) TP_518 from fish ( O. latipes ), ( e ) TP_110 from microorganisms. 
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rafish to TPHP ( Su et al. , 2015 ; Su et al. , 2016b ; Wang et al. , 2016 ).

his study confirmed two BTPs (TP_518 and TP_534) in O. latipes , 

hich were the same as the reference. 

TP_372 was a product formed by methylation from hydroxy- 

ated TPHP (Figure S1(e)). In MS/MS fragments, m/z 123.0440 and 

79.0412 were predicted to indicate a methoxy group (R-O-CH 3 ) 

ttached to the phenyl group. Methylation is one of the essential 

hase II mechanisms in biotransformation, and is slightly different 

rom other phase II reactions. Generally, products from phase II re- 

ctions are water-soluble, but methylation products have low solu- 

ility in water. Because methylation products are more hydropho- 

ic than their parent compounds, methylated BTPs are not excreted 

ifferently from other BTPs ( August et al. , 1994 ). TP_372 was gener-
7 
ted by O-methylation, in which the methyl group was bonded to 

he oxygen of the hydroxyl functional group. Many of the methy- 

ations identified in the study were from O-methylations of hy- 

roxyl groups (TP_402, TP_452, TP_548). S-adenosylmethionine re- 

cts as a cofactor for methylation in organisms ( Parkinson, 2001 ), 

nd the main enzyme for synthesizing O-methylation is cate- 

hol O-methyltransferase ( Testa, 2007 ). Van den Dungen et al. 

2017) researched gene transcription from persistent organic pollu- 

ant exposure in adipocytes. Pollutants have been shown to affect 

dipocyte differentiation and gene expression, and interfere with 

NA methylation. These results suggest that the methylated BTPs 

TP_372, as well as others) identified in this study might be a po- 

ential product of disruption of gene expression. 
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icroorganisms 

Water collected from a WWTP was analyzed to identify the 

TPs of TPHP related to microorganisms. BTPs were detected only 

n samples from the effluent and biological reactors, which were 

ompared with the sample of influent. This study considered that 

he BTPs of TPHP generated by microorganisms remained in the 

ater. The BTPs in the wastewater could eventually flow into the 

iver. Thus, the data could contribute to identifying the BTPs of 

PHP in the aquatic environment. For the study of microorganisms, 

he existence of BTPs analyzed mainly in microbial degradation 

roducts and aquatic species (microalgae, daphnids, and fish) was 

nvestigated. As a result, a total of six BTPs were identified; three 

ypes were detected each in positive and negative mode ( Table 1 ). 

mong them, the BTPs common in aquatic organisms were TP_250 

nd TP_342. Suspect screening using the EAWAG-BBD database in 

he present study revealed four types of BTPs (TP_110, TP_138, 

P_140, TP_188) as decomposition products of TPHP. 

The mass fragment information of the significant BTP, TP_110, 

s shown in Fig. 2 (e). TP_110 was catechol or hydroquinone, which 

ppeared to have been produced by microbial degradation of TPHP. 

ignificant results were obtained by comparing the analysis data 

ith catechol information of m/zCloud ( https://www.mzcloud.org/ ) 

 Highchem, 2020b ). As a result, TP_110 was ranked as confi- 

ence level 1. TP_138 was a decomposition product of TPHP (4- 

ydroxybenzoic acid; Figure S2a). Since the m/zCloud database was 

ompared with the MS/MS fragments, it was described as level 1 

ue to the presence of a reference standard ( Highchem, 2020a ). 

.3. Comparison of biotransformation products by aquatic organisms 

In the study, representative species of the food chain were se- 

ected to investigate the effects of OPEs on the aquatic ecosys- 

em. The concentration in the body was calculated by exposing 

he organisms to TPHP for the same time period (24 h). The or- 

anisms were the producer ( R. subcapitata ), the primary consumer 

 D. magna ), and the secondary consumer ( O. latipes ). The data were

ot the result of the state of equilibrium concentration, so we used 

he expected bioconcentration factor (BCF). The predicted BCF val- 

es were as follows: microalgae 57 L/Kg, daphnid 86 L/Kg, and fish 

9 L/Kg. In previous studies, the BCF of O. latipes was 144 L/Kg, 

emma minor was 43 L/Kg, and Typha sp. was < 1 L/Kg (Sids, 2002 ).

CF generally increases at higher nutritional levels, due to the in- 

rease in the lipid ratio ( Hemond and Fechner, 2014 ). In the case

f R. subcapitata , the BCF value was lower than that of other an-

mal species, and similar to the BCF ( Lemma minor , 43 L/Kg) of 

lants. O. latipes showed similar BCF values to D. magna, and these 

ere lower than the reference. It was judged that the exposure 

ime (24 h) was inadequate until the body concentration reached 

quilibrium. 

BTPs were compared between the biological community based 

n the producer-consumer-degrader relationship to predict the 

iotransformation reaction when TPHP was introduced in the 

quatic system ( Fig. 3 ). The contribution ratio was calculated in 

onsideration of the biotransformation steps, formed products, 

nd intensity of BTPs. Biotransformation mechanisms showing low 

ates of 1% or less were expressed with ’etc.’. The biotransfor- 

ations commonly seen in living organisms are hydrolysis and 

ydroxylation, which are representative mechanisms of phase I. 

mong the biotransformation of TPHP, hydrolysis is mainly used 

o generate TP_250 (DPHP). In this study, hydrolysis contributed 

o form this product at the following rates: 12% in microalgae, 2% 

n daphnids, 34% in fish, and 59% in microorganisms ( Fig. 3 ). The

ydrolysis reaction tends to be the general biotransformation that 

ccurs in organisms upon the introduction of chemicals into the 

ater. Hydrolysis is the basic process that describes the biotrans- 

ormation and transport of nutrients, as well as organic pollutants, 
8 
n the environment, especially biological systems ( Boethling and 

ackay, 20 0 0 ). Each of the aquatic species used in this study 

as hydrolytic enzymes. In microalgae, viscozyme L and celluclast 

ct as hydrolases ( Hammed et al. , 2013 ). Carboxylic ester hydro- 

ase and alpha/beta hydrolase, which are responsible for hydrolysis, 

ere identified in D. magna ( Uniprot, 2019 ). The major hydrolases 

f mammals are carboxylesterase, cholinesterase, and paraoxonase; 

nzymes also found in O. latipes ( Klaassen and Amdur, 2013 ). Pre- 

ious studies have shown that some of the OPEs in water un- 

ergo abiotic hydrolysis to generate degradation products ( Su et al. , 

016a ). DPHP-induced toxicity in developing zebrafish embryos 

eads to heart defects. It also causes embryonic mitochondrial dys- 

unction, hepatotoxicity, and renal toxicity ( Mitchell et al. , 2019 ). 

he microbial reaction identified in this study focused on the de- 

omposition and biotransformation of TPHP in a WWTP. Among 

he aquatic organisms, hydrolysis accounted for the most signifi- 

ant proportion of microorganisms. In addition to TP_250, hydrol- 

sis products were generated in microorganisms by decomposition 

rom the parent compounds to low molecular weight states. The 

nzyme mainly used to degrade TPHP in microorganisms is arl- 

iakylphosphatase ( Kegg, 2019a ). 

Hydroxylation, identified in all organisms, was a reaction that 

ontributed to the formation of several BTPs. Hydroxylation rates 

f 20% in microalgae, 26% in daphnids, 45% in fish, and 24% 

n microorganisms were observed ( Fig. 3 ). The hydroxylation in 

his study mainly reacted with the phenyl functional group of 

PHP to form –OH groups. The resulting hydroxylated TPHP was 

ransformed into new BTPs through various phase II reactions. 

 previous study showed that hydroxylated TPHP promotes the 

ranscription of nuclear receptors, leading to gene modification 

 Kojima et al. , 2016 ). Therefore, it was predicted that CYP would 

lso be present in the experimental species: R. subcapitata, D. 

agna, O. latipes , and microorganisms ( Choi et al. , 2020 ; Kelly and

elly, 2013 ; Schlenk et al. , 2008 ; Suzuki et al. , 2018 ). Because CYP

lays a role in converting benzene to phenol ( Parkinson, 2001 ), it 

eems that CYP in living organisms adds hydroxyl groups to the 

enzene of the organic pollutant TPHP. 

Microalgae, positioned in the producer level of the aquatic 

cosystem, exhibited different types of biotransformation reactions 

han other species. Desaturation (16%), palmitoyl conjugation (11%), 

nd stearyl conjugation (5%) were identified ( Fig. 3 a). Desatura- 

ion is closely linked to the reactions of fatty acids in the body. 

n microalgae, various desaturase enzymes are targeted to different 

enes to increase lipid production ( Vingiani et al. , 2019 ). It is esti-

ated that the desaturase of the experimental species R. subcapi- 

ata in this study contributed to the biotransformation of palmitic 

cid and stearic acid. The major fatty acids constituting R. subcap- 

tata were confirmed as palmitic acid, stearic acid, and oleic acid 

 Pugliese et al. , 2020 ). These fatty acids reacted with the TPHP pen-

trating the microalgae, to generate new types of BTPs. 

The biotransformation ratios of D. magna and O. latipes , the 

onsumers of the aquatic ecosystem, are shown in Fig. 3 (b) and 

c). Some general biotransformation reactions (sulfate, glutathione, 

ysteine conjugation) were observed in daphnids and fish, the rep- 

esentative animals of the aquatic environment. When organic pol- 

utants enter the body, glutathione (GSH) and cysteine conjugated 

nzymes work together (in pairs). GSH and cysteine conjugation 

s an essential reaction in the xenobiotic detoxification pathway. 

ysteine, which is a precursor of GSH, is involved in GSH synthe- 

is and regulation. GSH and cysteine contribute to antioxidant ac- 

ivity, inhibition of cell damage, and neuroprotection ( Jeon et al. , 

013 ). Sulfate conjugation is a phase II biotransformation mecha- 

ism in aquatic system consumers. Since most of the sulfate ions 

n earth exist in water, it is believed that sulfate ions contributed 

o the evolution of aquatic species ( Ikenaka et al. , 2006 ). The

iotransformation reaction characteristically observed in O. latipes 

https://www.mzcloud.org/
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Fig. 3. Contribution ratio of the biotransformation of triphenyl phosphate in each organism. The graph indicates the mechanism ratios of the producer-consumer-decomposer 

in the aquatic ecosystem: ( a ) algae ( Raphidocelis subcapitata ), ( b ) invertebrates ( Daphnia magna ), ( c ) fish ( Oryzias latipes ), and ( d ) microorganisms. 
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s glucuronide conjugation. This reaction has been found in fish 

xposed to organic pollutants in a previous study ( Wang et al. , 

016 ). Uridine glucuronosyltransferases present in tissue vesicles 

re catalysts for glucuronide conjugation. This conjugation reacts 

lectron-rich nucleophiles (O, N, S) ( Klaassen and Amdur, 2013 ). 

lucuronide conjugation occurred in the OH functional group af- 

er TPHP hydroxylation in the organism. Although glucuronida- 

ion generally detoxifies xenobiotics, it might have toxic effects in 

ome instances. Exposure to a phenolic drug in rats caused high 

holestasis by glucuronide compounds, and finally blocked the bile 

ucts ( Krijgsheld et al. , 1982 ; Mulder, 1990 ). 

In order to confirm the biotransformation of TPHP by microor- 

anisms in the WWTP, water samples were collected to analyze 

TPs. As a result, it was confirmed that the decomposition process 

nd biotransformation occurred by various microorganisms in the 

iological reaction tank. Microbial mechanisms showed a simpler 

attern compared to the biotransformation of other aquatic organ- 

sms ( Fig. 3 d). The microbial community in wastewater includes a 

ariety of taxonomic, biochemical, and physiological groups of or- 

anisms. Many microorganisms provide the functional benefits of 

mproving water quality and removing nutrients ( Numberger et al. , 

019 ). The characteristic biotransformation mechanism in microor- 

anisms is carboxylation, which was involved in producing TP_138, 

P_140, and TP_188. The reaction occurred by 4-hydroxybenzoate 
9 
ecarboxylase, when the carboxyl group was bound to phenols de- 

ived from TPHP ( Kegg, 2019b ). This enzyme is known to be in-

olved in the biotransformation of microorganisms in various envi- 

onments ( Ncbi, 2020 ). Carboxylation catalyzes the fixation of CO 2 

n organic molecules, and affects the carbon cycle on earth. It is 

lso a critical reaction that contributes to several biological func- 

ions ( Erb, 2011 ). 

.4. Ecotoxicological information of biotransformation products in the 

quatic ecosystem 

Organophosphorus compounds form metabolites through bio- 

ogical biotransformation, and their toxicity is altered ( Jokanovi ́c, 

001 ). The ECOSAR model was applied to predict the toxicity of 

dentified BTPs in each species using a high-resolution mass spec- 

rometer. LC50 and ChV prediction values were obtained from the 

hemical structures of the BTPs of TPHP. In the ECOSAR model, the 

hronic toxicity value is calculated as the geometric mean value of 

OEC and LOEC. De Roode et al. (2006) confirmed that the toxic- 

ty of more than 70% of the substances in the database was accu- 

ate or overestimated by ECOSAR. In addition, the LC50 correlation 

etween the experimental value and predicted value through the 

COSAR model showed more appropriate results for toxic chemi- 

als than nontoxic chemicals. In previous studies, the ECOSAR pro- 
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Fig. 4. A graph showing the toxicity values of biotransformation products of triphenyl phosphate (TP) based on a log 10 fold change. The toxicity values of algae, invertebrate, 

and fish for each chemical were calculated using ECOSAR. The figure shows as follows: -Log 10 fold change of (a) 50% lethal concentration (LC50) and (b) chronic value (ChV). 
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ram was used to predict the toxicity of degradation products and 

TPs of various polar chemicals ( Kang et al. , 2020 ; Kim et al. , 2018 ).

he experimental LC50 of the parent compound TPHP was found 

o be 2.0, 1.3, and 1.2 mg/L in algae, invertebrates, and fish, re- 

pectively ( Brooke et al. , 2009 ; Mayer et al. , 1981 ; Who, 1991 ). The

COSAR model predicted values were calculated as 1.5, 0.7, and 

.1 mg/L. Since the LC50, as well as NOEC, experimental and pre- 

icted values were similar, the ECOSAR model was considered suit- 

ble for predicting BTP toxicity values of TPHP. Based on the value 

f the parent compound, the fold change in the toxicity value was 

onverted into a log and expressed as a box plot for each chemi- 

al substance ( Fig. 4 ). Most of the toxicity values of BTPs predicted

y ECOSAR were decreased compared to the parent compound (- 

og fold change < 0). In particular, the toxicity of BTPs produced 
10 

10 
y the phase II enzyme reaction of aquatic organisms seemed to 

ecrease dramatically (TP_422, 438, 445, 452, 454, 463, 518, 534, 

36, 548, 578, 617, 628, and 669). The LC50 of these BTPs was pre- 

icted to be more than 100 and the ChV to be more than 10 (Table

3). Detoxification refers to a biological transformation that elim- 

nates toxicants or prevents their production in the body. Detox- 

fication competes with toxification and varies depending on the 

ature of the chemical ( Klaassen and Amdur, 2013 ). The detox- 

fication of organophosphorus compounds is achieved by cleav- 

ge of the phosphorus bonds or conjugation in vivo. Metabolites 

roduced by these reactions are rapidly removed into the urine 

 Jokanovi ́c, 2001 ). It is estimated that detoxification mechanisms 

educed the toxicity of most BTPs generated after exposure to the 

rganic pollutant TPHP by aquatic organisms. 
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On the other hand, BTPs with increased Log LC50 and ChV 

redicted values compared to the parent compound TPHP in- 

luded TP_110, 358b, 594, and 600 ( Fig. 4 ). TP_110 was detected 

n microorganisms, TP_358b in invertebrates and fish, and TP_596, 

00 in green algae. TP_110 is hydroquinone, produced from TPHP 

hrough microbial hydrolysis, and is a major benzene metabolite. 

he LC50 of hydroquinone in aquatic organisms according to this 

xperiment was found to be 0.1–0.6 mg/L, and the NOEC was 

ound to be 0.1–5 mg/L ( Echa, 2020a ). Phenol compounds in ppm 

oncentrations are highly toxic to aquatic organisms, and most of 

hem cause changes in organisms at the ppb levels ( Guerra, 2001 ). 

ydroquinone is a substance that has carcinogenic effects, as well 

s causing blood toxicity ( Enguita and Leitão, 2013 ). Long term 

xposure to hydroquinone by aquatic organisms could cause se- 

ere toxicity, and it therefore requires continuous observation 

 Echa, 2020b ). TP_358b is a TP in which thiol group is gener-

ted from the cysteine conjugated compound, and has been iden- 

ified in invertebrates and fish. This product was predicted to have 

igher toxicity than TPHP in algae, daphnids, and fish. Thiol in- 

uces the formation of free radicals in organisms, causing chemical 

oxicity. In particular, apoptosis occurs due to the biotransforma- 

ion of red blood cells through oxidative damage to the cell mem- 

rane ( Munday, 1989 ). The thiol functional group in TP_358b, pro- 

uced from the biotransformation process of TPHP, is also changed 

nto free radicals, and may cause toxicity to aquatic organisms. 

TP_594 and TP_600 were generated from TPHP by palmi- 

oyl/stearyl conjugation, hydroxylation, and desaturation. The main 

unctional groups were transformed palmitic acid and stearic acid, 

espectively. The toxicity was higher than the parent compound ac- 

ording to the prediction of the ECOSAR model, especially in green 

lgae. The toxicity values of TP_594 and TP_600 were predicted as 

ollows: 0.7–3.6 and 0.4–3.3 (LC50), 0.6–3.4 and 0.3–3.1 (ChV), by 

egative log scale (Table S3). Fatty acids are a major component 

f cell membranes and are involved in cell signaling ( De Carvalho 

nd Caramujo, 2018 ). However, they may cause a cytotoxic reac- 

ion if they accumulate in large amounts, resulting in hepatic dis- 

rders, cardiac disorders, and diabetes ( Park et al. , 2014 ). Palmitic 

cid, identified in TP_594, induces apoptosis and stress of the en- 

oplasmic reticulum in hepatoma cells ( Zhang et al. , 2012 ). Stearic 

cid, present in TP_600, could cause cardiac toxicity by affecting 

eart cell death and lipid accumulation in the body ( Rabkin and 

odha, 2009 ). 

. Conclusion 

This study predicted biotransformation of TPHP in the aquatic 

cosystem using a producer ( R. subcapitata ), a primary consumer 

 D. magna ), a secondary consumer ( O.latipes ), and a decomposer 

microorganisms). As a result, 29 kinds of BTPs were identified 

nd generated by specific mechanisms in each organism, except for 

ydroxylation and hydrolysis in common to all species. The form 

f decreasing toxicity showed a pattern of decreasing regardless 

f species, and the same was true when toxicity was increased. 

ost of the detected BTPs were less toxic than the parent com- 

ound TPHP, but some were predicted to be highly toxic (TP_594, 

P_600). Therefore, continuous observation of BTPs, as well as 

PHP itself, should be conducted to protect the aquatic environ- 

ent. Since various species exist in a close relationship with each 

ther in an ecosystem, an integrated approach for not only single 

pecies but also various connected species is essential. The inte- 

rated perspective of BTPs conducted in this study revealed how 

rganic pollutants transform and accumulate in the aquatic ecosys- 

em. Furthermore, the total toxicity effect on the aquatic ecosystem 

ould be estimated through the toxicity values of BTPs, as well as 

he parent compound. The representative significance of this study 

ies in the fact that when BTPs of organic pollutants in the aquatic 
11 
nvironment are detected, the path of origin (organisms such as al- 

ae, invertebrate, fish, and so forth, or WWTP) could be predicted 

ased on the results of this study. 
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