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Abstract 19 

The removal of 27 endocrine-disrupting compounds and related compounds (suspect effect) 20 

from a reverse osmosis concentrate using an alternative decontamination method based on a 21 

fungal treatment involving Trametes versicolor was assessed. In addition to chemical analysis, 22 

the toxicity of the treated water during the treatment was monitored using a bioluminescence 23 

inhibition test and estrogenic and anti-estrogenic tests.  24 

The compounds 1H-benzotriazole (BTZ) and two tolyltriazoles (TTZs), 4-methyl-1H-25 

benzotriazole (4-MBTZ) and 5-methyl-1H-benzotriazole (5-MBTZ), were present in the reverse 26 

osmosis concentrate at the highest concentrations (7.4 and 12.8 µg L-1, respectively) and were 27 

partially removed by the fungal treatment under sterile conditions (58% for BTZ and 92% for 28 

TTZs) and non-sterile conditions, although to lesser extents (32% for BTZ and 50% for TTZs) 29 

Individual biotransformation studies of BTZ and the TTZs by T. versicolor in a synthetic medium 30 

and further analysis via on-line turbulent flow chromatography coupled to an HRMS-Orbitrap 31 

allowed the tentative identification of the transformation products (TPs). Six TPs were 32 

postulated for BTZ, two TPs were postulated for 4-MBTZ, and four TPs were postulated for 5-33 

MBTZ. Most of these TPs are suggested to have been generated by conjugation with some 34 

sugars and via the methylation of the triazole group. Only TP 148 A, postulated to be derived 35 

from the biotransformation of BTZ, was observed in the effluent of the bioreactor treating the 36 

reverse osmosis concentrate. 37 

Keywords 38 

Benzotriazoles, reverse osmosis concentrate, Trametes versicolor, transformation products, on-39 

line turbulent flow chromatography coupled to HRMS  40 
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1. Introduction  41 

Endocrine-disrupting compounds (EDCs) are chemical compounds that alter the hormonal 42 

system (USEPA, 2017). EDCs comprise mainly synthetic hormones, such as the synthetic 17α-43 

ethinylestradiol (pharmaceutically active compound (Ingerslev et al., 2003)) but also other 44 

xenobiotic compounds, such as bisphenol A (Fent et al., 2006) and benzotriazoles (BTs) 45 

(Tangtian et al., 2012). BTs are chemicals with a high production volume that are used in a wide 46 

variety of applications, including in dishwasher detergents (Wäschenbach et al., 2001; Janna et 47 

al., 2011). Nonetheless, the main applicability of these compounds is in industry due to their 48 

high resistance to corrosion (Reemtsma et al., 2010). For example, BTs are employed in cooling 49 

and hydraulic fluids, in anti-freezing products, such as aircraft deicing fluids, as an ultraviolet 50 

light stabilizer in plastics, as an antifogging agent in photography and airports (Giger et al., 51 

2006; Liu et al., 2011) and as a biocide. BTs are in fact included in Annex I of Council Directive 52 

98/8/EC “Concerning the Placing of Biocidal Products on the Market” as priority contaminants 53 

(European Commission, 2007; Reemtsma et al., 2010). The use of BTs has been increasing in 54 

recent years, and according to Hart et al. (2004), these compounds comprise c.a. 0.5–1% of the 55 

weight of antifreeze, representing more than 1,000 tonnes per year generated in the United 56 

States alone (Hart et al., 2004; Liu et al., 2011). The compounds 1H-benzotriazole (BTZ) and 57 

tolyltriazoles (TTZs; 4-methyl-1H-benzotriazole (4-MBTZ) and 5-methyl-1H-benzotriazole (5-58 

MBTZ)) have been detected at relevant concentrations during recent years in surface river 59 

waters (i.e., BTZ concentrations between 18 and 275 ng L-1 and TTZs concentrations ranging 60 

from 29 to 568 ng L-1 (Gorga et al., 2013)). The presence of these three BTs in the environment 61 

is directly related to their discharge through the effluents from wastewater treatment plants 62 

(WWTPs) (Giger et al., 2006) and different authors have therefore studied the removal 63 

efficiency during treatments as well as the impact of effluent discharges on the environment 64 

(Weiss et al., 2006; Reemtsma et al., 2010; Gorga et al., 2013; Loos et al., 2013; Stasinakis et 65 

al., 2013; Mazioti et al., 2015a; Mazioti et al., 2015b). These compounds show high water 66 

solubility and high polarity, as well as a moderate persistence against biological and 67 

photochemical degradation processes in WWTPs and in the aquatic environment (Loos et al., 68 

2013). Gorga et al. (2013) detected BTs at concentrations ranging from 446 to 3,033 ng L-1 for 69 

BTZ and from 1,169 to 7,588 ng L-1 for TTZs in 100% of effluent samples collected from several 70 
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WWTPs in Spain. These levels were similar to the concentrations detected in the influent, 71 

confirming the low efficiency of WWTPs for the complete removal of these compounds. Loos et 72 

al. (2013) detected even higher concentrations than those reported by Gorga et al. (2013), 73 

reaching 221,000 ng L-1 for BTZ and 24,300 ng L-1 for TTZ in several European WWTP 74 

effluents. Stasinakis et al. (2013) detected them in raw and treated wastewater and in sludge 75 

from a WWTP in Greece at levels ranging from 516 to 15,971 ng L-1 for raw water, from 14 to 76 

5,773 ng L-1 for treated water and from 72 to 412 µg Kg-1 for sludge. Regarding the degradation 77 

rates of TTZs, different behaviours have been detected for the two isomers. For example, the 78 

study from Weiss et al. (2006) comparing the degradation rates of both TTZs in a WWTP using 79 

conventional activated sludge (CAS) showed a removal rates of 11% for 5-MBTZ and -6% for 4-80 

MBTZ (mean values). A similar pattern was observed when comparing both isomers in a 81 

membrane bioreactor (MBR) treatment, although more efficient removal rates were obtained for 82 

this treatment (61% for 5-MBTZ vs. 14% for 4-MBTZ) (Weiss et al., 2006). 83 

As a result of their incomplete removal in WWTPs, BTs are discharged into the environment 84 

through WWTP effluents, possibly leading to harmful interactions with biota and eventually with 85 

humans. Cancilla et al. (2003) found that TTZs are lethal to fathead minnows (Pimephales 86 

promelas) at a median concentration of 22 mg L-1. On the other hand, Harris et al. (2007) 87 

showed the in vitro anti-estrogenic activity of BTs at different tested concentrations (10 – 1,000 88 

µgL-1), while Tangtian et al. (2012) reported hormonal disruption in fishes at concentrations of > 89 

10 µg L-1. Humans can be exposed to these compounds since they have also been detected in 90 

drinking waters (Schriks et al., 2010; Janna et al., 2011; Müller et al., 2012) and acceptable 91 

daily intake (ADI) levels for humans for BTZ and TTZs have been estimated to be 0.295 and 92 

0.25 mg kgbw
-1 day, respectively (Schriks et al., 2010). Because of the levels detected in waters 93 

and the possible effects that they could have on biota and humans, the three BTs are included 94 

in the list of trace pollutants and emerging contaminants to be studied in freshwater 95 

environments according to Murray et al. (2010). 96 

Due to the high ubiquity, low degradability and possible health effects of BTs, different 97 

researchers have studied the most efficient processes in conventional WWTPs, as well as 98 

alternative removal processes. As mentioned before, Weiss et al. (2006) showed that MBR (14 99 

– 61% removal) is more efficient than CAS (0 – 11% removal), whereas Liu et al. (2011) 100 
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showed that the aerobic treatment was more efficient than the anaerobic treatment for BTs, 101 

although the half-lives were still high (i.e., 315 days for BTZ). In addition, non-biological 102 

processes have been investigated by other authors, such as Müller et al. (2012), who 103 

investigated the elimination of 4-MBTZ and 5-MBTZ through ozonation as a last step during the 104 

water potability process. Another example of alternative technologies is the use of reverse 105 

osmosis (RO) filtration as a tertiary treatment in an advanced water recycling plant in Australia, 106 

which achieved BTZ and TTZ removals of c.a. 70% and 85%, respectively (Loi et al., 2013). 107 

Nonetheless, further biological or chemical treatment should be applied to the RO concentrate 108 

(ROC). Currently, the main technologies being studied to treat ROC are advanced oxidation 109 

processes (AOPs), but they require high chemical dosages and considerable energy 110 

consumption (Pérez-González et al., 2012). Therefore, environmentally friendly alternative 111 

treatments should be studied. 112 

The main aim of this work was to assess the biodegradation of selected BTs (BTZ, 4-MBTZ and 113 

5-MBTZ) in RO concentrate using an alternative treatment method based on the white-rot 114 

fungus Trametes versicolor. White-rot fungi are able to degrade a wide range of xenobiotics due 115 

to their ability to degrade lignin, the natural polymer most resistant to biodegradation. Fungal 116 

enzymes (e.g., laccase and cytochrome P450) are highly unspecific; thus, adaptation is not 117 

required, and there is no lag phase in the degradation of xenobiotics (Gago-Ferrero et al., 118 

2012). This type of treatment has been successfully applied for the degradation of emerging 119 

ubiquitous pollutants, such as sulfamethazine in sewage sludge from WWTPs (García-Galán et 120 

al., 2011), compounds that block or absorb ultraviolet light, such as UV-filters (Gago-Ferrero et 121 

al., 2012) and iopromide and ofloxacin in hospital wastewaters (Gros et al., 2014). Fungal 122 

bioremediation can thus be a suitable candidate for the treatment of ROC and has already 123 

shown optimal degradation results for pharmaceutically active compounds (PhACs) (Badia-124 

Fabregat et al., 2015). The elimination of 27 EDCs and some related compounds (e.g., caffeine) 125 

was assessed during the treatment of ROC water with T. Versicolor. The generation of any 126 

possible TP from the fungal treatment needs to be assessed since these TPs might be more 127 

toxic than the target pollutants (García-Galán et al., 2011). In this study, the TPs of three 128 

selected BTs (BTZ, 4-MBTZ and 5-MBTZ) were monitored during the fungal treatment using 129 

high-resolution mass spectrometry. Although the degradation of BTZ and the generation of TPs 130 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 

 

during conventional water treatment have been previously studied by other researchers (Liu et 131 

al., 2011; Müller et al., 2012; Huntscha et al., 2014), this is the first time that TPs originating 132 

from fungal degradation have been determined. Additionally, acute toxicity and estrogenic and 133 

anti-estrogenic activities were evaluated during the treatment using Microtox® and recombinant 134 

yeast assay (RYA), respectively.  135 

2. Material and methods 136 

2.1. Chemicals, strains and reverse osmosis concentrate 137 

Standards of target EDCs 5-methyl-1H-benzotriazole (5-MBTZ) and 4-methyl-1H-benzotriazole 138 

(4-MBTZ) were purchased from Dr. Ehrenstorfer (Germany). Benzotriazole (BTZ) and labelled 139 

benzotriazole (BTZ-d4) were purchased from Fluka (Buchs, Switzerland). The information 140 

regarding the other 25 EDCs analysed within this work, as well as their corresponding labelled 141 

compounds, is summarized in S1 of the Supplementary Material. The calibration mixture used 142 

in the high-resolution mass spectrometry processes was supplied by Thermo Fisher Scientific 143 

(Rockford, IL 61105 USA) (2017a and 2017b). 144 

All the solvents used during the studies were of high purity grade. High-performance liquid 145 

chromatography (HPLC)-grade methanol, acetonitrile and water were supplied by Merck 146 

(Darmstadt, Germany). Formic acid (98%) was provided by Merck (Darmstadt, Germany). 147 

HPLC/high-resolution mass spectrometry (HRMS)-grade acetonitrile and water were supplied 148 

by Thermo Fisher Scientific (from Leics, UK and Geel – Belgium, respectively). 149 

T. versicolor (ATCC#42530) was obtained from the American Type Culture Collection (CECT, 150 

Valencia, Spain) and was maintained by subculturing on petri dishes in malt extract (2%) and 151 

agar medium (1.5%) at 25 ºC.  152 

For the Estrogen Receptor Assay (ER-RYA), yeast strain BY4741 (MATa ura3∆0 leu2∆0 153 

his3∆1 met15∆0) from EUROSCARF (Frankfurt, Germany), transformed with plasmids pH5HE0 154 

(hER) and pVitBX2 (ERE-LacZ) as described elsewhere (Noguerol et al., 2006), was used.  155 

The bioluminescent bacteria Vibrio fischeri and test reagents for Microtox® analyses were 156 

supplied by Strategic Diagnostics Inc. (Newark, DE, USA). 157 
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ROC effluent was obtained from a pilot plant at the Castell-Platja d’Aro WWTP (Catalonia, north 158 

eastern Spain). It consists of a pilot plant with a membrane bioreactor (MBR) treating urban 159 

wastewater coupled to a RO unit. More information about the pilot plant can be found elsewhere 160 

(Dolar et al., 2012). The ROC for the sterile fungal treatment was autoclaved for 30 min at 121 161 

ºC the same day of sampling then stored at -20 ºC and autoclaved again before the treatment. 162 

The ROC for the non-sterile fungal treatment was kept at 4 ºC for one month before the 163 

experiment, and the ROC was replaced with a fresh sample every 3-5 d during the treatment in 164 

the entrance storage tank. 165 

2.2. Degradation experiments 166 

2.2.1. Degradation of EDCs in a fungal bioreactor treating reverse osmosis concentrate 167 

Two different experiments were performed to evaluate the fungal treatment of ROC: one under 168 

sterile conditions and the other one under non-sterile conditions. The treatment under sterile 169 

conditions was performed for control purposes in order to determine the capacity of the 170 

inoculated fungus to degrade EDCs. The physicochemical characterization of the ROC is shown 171 

in Table S1. Two air fluidized bed bioreactors of 1.5 L each were used in parallel for each 172 

experiment. In the sterile batch treatment, both bioreactors were inoculated with T. versicolor 173 

and run under the same conditions (replicates). In the non-sterile continuous experiments, one 174 

reactor was inoculated with T. versicolor (I) and the other one was not inoculated (NI) to act as 175 

a control to assess degradation by indigenous microorganisms. More information on the 176 

operational conditions can be found elsewhere (Badia-Fabregat et al., 2015 and 2017). Briefly, 177 

the temperature and pH were maintained at 25 ºC and 4.5, respectively. T. versicolor was 178 

added in the form of pellets at 2-3.6 g dry cell weight (DCW) L-1, and it was maintained inside 179 

the bioreactor by means of a mesh in the outlets. In the continuous treatment, 1/3 of the 180 

biomass was replaced every 5 days (cellular residence time of 15 days). The hydraulic 181 

residence time (HRT) in the continuous treatment was 3 days until day 15 when it changed to 2 182 

days until the end of the experiment (24 days). Nutrients were added in pulses at 0.6 min/h from 183 

a concentrated stock at rates of 192-696 mg gDCW
-1 day of glucose and 0.43-1.57 mg gDCW

-1 day 184 

of ammonia tartrate. Samples were filtered under vacuum conditions with Wathman GF/C 185 
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(Sigma Aldrich; Madrid, Spain) filters and 0.45 µm nylon filter (Millipore; Madrid, Spain). In the 186 

sterile treatment, samples from both bioreactors were mixed (1:1) to form a composite sample.  187 

2.2.2. Degradation in spiked synthetic medium 188 

The experiments were performed in 125 mL amber serum bottles with cotton plugs in a total 189 

reaction volume of 25 mL as described elsewhere (Gago-Ferrero et al., 2012). The composition 190 

of synthetic medium for degradation is summarized in Table S2. Fungal pellets were added to 191 

the solution to a final concentration of 5 g DCW L-1, and three separate experiments were 192 

performed with a corresponding target pollutant: BTZ, 4-MBTZ or 5-MBTZ, each of which was 193 

spiked at 10 mg L-1. The experiments were carried out at 25 ºC under orbital agitation of 130 194 

rpm. The treatments were performed in duplicate, and individual bottles were taken at each 195 

sampling time. Experimental bottles (EB) consisted of T. versicolor pellets with a selected 196 

pollutant added to the synthetic medium and an initial glucose concentration of 8 g L-1 among 197 

other nutrients (Table S2). In the EB+G treatment, additional glucose was added every 3 d to 198 

achieve the initial concentration of 8 mg L-1. Uninoculated controls (UNI) with BTZ, 4-MBTZ or 199 

5-MBTZ were monitored in order to take into account any potential abiotic processes. A heat-200 

killed fungal control (HK) with the same amount of fungi as the EB but with the T. versicolor 201 

having been killed by autoclaving (30 min at 121 ºC) was created to quantify the amount of 202 

absorbed/adsorbed contaminant. Finally, blank controls (BC) with fungi and without BTs were 203 

included as references in order to detect changes in laccase activity and fungal growth due to 204 

the toxicities of the compounds. At each sampling time, the liquid medium was filtered by 205 

vacuum with a Whatman GF/C glass fibre filter (Sigma Aldrich; Madrid, Spain) to determine the 206 

fungal dry weight and was then filtered with a 0.45 µm nylon filter (Millipore; Madrid, Spain) for 207 

the analyses described in the following section. 208 

The fungal degradation of BTZ, 4-MBTZ or 5-MBTZ was determined by comparing their 209 

concentrations in the EBs with those in the UNI and HK controls according to the following 210 

formulas: 211 

�������		%� =
�� − ��

��
· 100 
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2.3. Analytical procedures 212 

2.3.1. On-line turbulent flow coupled to UHPLC-MS/MS 213 

In total, 27 EDCs and related compounds were analysed by on-line turbulent flow 214 

chromatography coupled to a liquid chromatography tandem mass spectrometry (LC-MS/MS) 215 

system using the method developed by Gorga et al. (Gorga et al., 2013). The compounds were 216 

analysed according to their more efficient ionization mode in the electrospray ionization (ESI) 217 

source. Before analysis, samples were centrifuged at 4000 rpm for 20 min at room temperature, 218 

and 5 mL of supernatant was spiked with 100 µL of a mixture of labelled internal standards (see 219 

section S1 from supplementary material) in methanol for a final concentration of 2 µg L-1. 220 

A Thermo Scientific EQuan MAX Plus chromatographic system (Thermo Fisher Scientific; 221 

Industriestrasse, Switzerland) was used for purification and separation purposes. The system 222 

was adapted with different turbulent flow chromatographic columns (TFC) for purification 223 

purposes (Cyclone P [50 × 0.5 mm, 60 µm particle size, 60 Å pore size] for negative ionization 224 

mode compounds and Cyclone MCX [50 × 0.5 mm, 60 µm particle size, 60 Å pore size] for 225 

positive ionization mode compounds (Thermo Fisher Scientific, Franklin, MA)). The separation 226 

of the target analytes was achieved using a Hypersil GOLD (50 x 2.1; 1.9 µm) analytical column 227 

(Thermo Fisher Scientific, Franklin, MA)). The procedure was adapted from a previous method 228 

developed using the EQuan on-line sample enrichment system (Gorga et al., 2013). The 229 

method consists of a first loading step of the sample into the TFC column and retention of the 230 

analytes followed by a transfer step in which the analytes of interest are desorbed from the TFC 231 

column onto the analytical column through the same gradient used for analyte separation in the 232 

LC system. More detailed information about the on-line chromatographic methods can be seen 233 

in Table S3. The injected volume was 250 µL, with a total run time of 13 min for each injection.  234 

The chromatographic system is coupled to a TSQ Vantage triple quadrupole mass spectrometer 235 

analyser (Thermo Fisher Scientific, San Jose, USA), equipped with a Turbo Ion Spray source. 236 

The ionization of the compounds was performed under positive or negative mode according 237 
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their ion affinity (Gorga et al., 2013). The acquisition was performed in selected reaction 238 

monitoring mode (SRM) to obtain enough identification points (IP) for confirmation of each 239 

analyte according to Commission Decision 2002/657/EC (European_Commission, 2002).  240 

2.3.2. HPLC-DAD 241 

The three selected EDCs (BTZ, 4-MBTZ and 5-MBTZ) were analysed in the samples from 242 

experiments performed in a synthetic medium by liquid chromatography coupled to a UV 243 

analyser. The chromatograph Ultimate HPLC was equipped with a LiChrospher RP-18 (12.5 cm 244 

x 4 mm i.d., 5 µm particle size) column produced by Merck (Madrid, Spain). In this process, 20 245 

µL of sample was injected at a flow rate of 0.6 mL/min with 5% methanol (A) and 95% MiliQ 246 

water (B). A chromatographic gradient adapted from Müller et al. (Müller et al., 2012) was used 247 

for compound separation. The flow rate was maintained at 5% of A for 1 min; then, A increased 248 

to 95% over 12 min and was maintained for 5 min. Finally, A returned to the initial conditions 249 

(5%) over 0.5 min, and the column was equilibrated for 6.5 min, with a total run time of 24 min 250 

per sample. The detection of the analytes was performed in a UV Dionex 300 instrument at 275 251 

nm, as described elsewhere (Hart et al., 2004).  252 

2.3.3. On-line turbulent flow chromatography coupled to UHPLC-Orbitrap-MS 253 

The identification of possible transformation products was conducted by on-line turbulent flow 254 

chromatography system coupled to a hybrid linear ion trap – high-resolution mass spectrometer 255 

LTQ Orbitrap (TFC-LTQ Orbitrap). An Aria TLX-1 chromatographic system (Thermo Fisher 256 

Scientific; Industriestrasse, Switzerland) was used for purification and separation purposes. This 257 

system comprised a PAL auto sampler and two mixing quaternary pumps (eluting pump and 258 

loading pump). The entire system was controlled via Aria software, version 1.6, under the 259 

Xcalibur 2.2 software. The compounds were extracted using on-line turbulent flow 260 

chromatography (TFC) based on an earlier published work by Gorga et al. (Gorga et al., 2013). 261 

The on-line extraction was performed in a Cyclone chromatographic column (50 × 0.5 mm, 60 262 

µm particle size, 60 Å pore size; Thermo Fisher Scientific, Franklin, MA) and the separation of 263 

compounds by a Hypersil GOLD analytical column (50 × 2.1; 3 µm; Thermo Fisher Scientific, 264 

Franklin, MA). The extraction process was achieved in two main steps using the Focus Mode. 265 
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Firstly, 10 µL of sample is introduced into the TFC column at 1.5 mL/min with acidified water 266 

(formic acid 0.1%), where the analytes of interest are retained at the active pore sites while the 267 

rest of the matrix is discharged to the waste. In the second step, the compounds are desorbed 268 

from the TFC column onto the analytical column through the normal LC gradient with water 269 

(0.1% formic acid) and acetonitrile. The total run time for each injection is 10 min. The method is 270 

detailed in Table 1. 271 

The chromatograph is coupled to a hybrid linear ion trap Fourier Transform Mass Spectrometry 272 

Orbitrap analyser (LTQ-OrbitrapVelosTM, Thermo Fisher Scientific; Bremen, Germany) equipped 273 

with a diverter valve (used to divert unwanted portions of chromatographic runs to waste) and 274 

an Electrospray Ionization (ESI) source. The diverter valve was used with three valve positions: 275 

from 0 to 1.5 min, the flow was discharged to the waste; from 1.5 to 7.75 min, the valve was 276 

switched to injection mode; and from 7.75 to 10 min, the valve was switched again to the waste. 277 

The ionization of the compounds was performed under positive mode after a pre-screening in 278 

negative mode without detection of new chromatographic peaks (data not shown). Mass 279 

calibration and mass accuracy checks were performed prior to every sample run with LTQ ESI 280 

Positive Ion Calibration Solution (Thermo Fisher Scientific; Rockford, IL 61105 USA) and mass 281 

accuracy was always within an error of ±2 ppm. The ionization voltage was set at 3.5 kV with 282 

the sheath gas flow at 40, auxiliary gas flow at 20, S-Lens RF level at 69%, and the capillary 283 

temperature and the source heater temperature at 350 °C and 300 °C, respectively. The 284 

samples were acquired using two different acquisition methods in parallel: 1) the first method 285 

was triggered through full scan within a mass-to-charge (m/z) range of 100 to 500 m/z at a 286 

resolving power of 60,000 FWHM, and 2) the second experiment was performed with data-287 

dependent analysis through the MS fragmentation of the 5th most intense ions obtained in the 1st 288 

experiment at each scan time, isolated in the ion trap with a width of 2.0 Da, a collision-induced 289 

dissociation activation type (Q = 0.250 and an activation time of 30 ms) and normalized collision 290 

energy (35). Xcalibur 2.2 software was used for data interpretation.  291 

Data processing was carried out using the SIEVE 2.0 software (Thermo Scientific; TF, San 292 

Jose, USA) in order to perform the chromatographic peak deconvolution. 293 
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The detection of the transformation products of BTs (postulated during the previous study, 294 

section 2.3.3) was conducted using the TFC-LTQ Orbitrap. The TFC system operated in the 295 

same mode and with the same mobile phases as described before. Mass spectrometer 296 

acquisition was carried out by SRM: 1) the full scan within a mass-to-charge (m/z) range 100-297 

500 m/z at a resolving power of 60,000 FWHM and 2) the data-dependent analysis at 7,500 298 

FWHM through the MS fragmentation of the ions from a molecular ion list of suspected TPs. 299 

The molecular ions were isolated in the ion trap with a width of 2.0 Da, a collision-induced 300 

dissociation activation type (Q = 0.250 and an activation time of 30 ms) and normalized collision 301 

energy (35). All the processes were controlled by Xcalibur 2.2 software. The data processing 302 

was performed using the ExactFinder 2.5 software (Thermo Scientific; TF, San Jose, USA) run 303 

with the library built by the authors based on the results from the biotransformation of BTs, and 304 

the results were carefully evaluated via manual comparison. 305 

2.3.4. Routine analyses for the evaluation of bioreactor performance 306 

Glucose concentrations were measured with a biochemical analyser YSI 2700 SELECT (Yellow 307 

Spring Instruments) within a concentration range of 0 – 20 (±0.04) g L-1. 308 

Laccase activity was measured through the oxidation of 2,6-dimetoxyphenol (DMP) by the 309 

laccase enzyme in a modified version of the method for the determination of manganese 310 

peroxidase of Kaal et al. (1993). The analysis process is based on the measure of the 311 

absorbance variance at λ=468 nm at 30 ºC during 2 min in a Varian Cary 3 UV/Vis 312 

spectrophotometer. The reaction was done with 600 µL of sample, 200 µL of 250 mM sodium 313 

malonate at pH 4.5 and 50 µL of 20 mM DMP. Activity units per litre (U L-1) are defined as the 314 

amount of DMP in micromoles per litre that is oxidized per minute (µmol DMP L-1 min). The 315 

molar extinction coefficient of DMP was considered to be 24.8 mM-1 cm-1 (Wariishi et al., 1992). 316 

The amount of biomass was determined as the constant weight at 100 ºC of vacuum-filtered 317 

samples in pre-weighted glass-fibre filters (Whatman, Spain). 318 

2.4. Toxicity assessments 319 

2.4.1. Acute toxicity assessment by bioluminescence inhibition test with Vibrio fischeri 320 
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The bacterial bioluminescence assay was conducted in a Microtox® test instrument following 321 

the ISO 11348-3 protocol (ISO, 2007). The effective concentration of toxicants that caused a 322 

50% of inhibition after 15 min of exposure was designed as the EC50 value. Toxicity units (TU) 323 

were calculated as 100/EC50. 324 

2.4.2. Estrogenic and anti-estrogenic activity assessment by Estrogenic Recombinant Yeast 325 

Assay (ER-RYA) 326 

The yeast-based bioassay, which harbours the human estrogen receptor (hER), is able to 327 

monitor and quantify the interactions between the ER and the compounds present in the 328 

medium by activation of the LACZ gene. The protocol is described elsewhere (Noguerol et al., 329 

2006). The incubation period was 6 h before adding Y-PER®. For anti-estrogenic activity 330 

assessment, a medium with 17β-estradiol at a submaximal concentration (10 nM) was used. 331 

2.5. Calculations and statistical analysis 332 

For removal calculations, the compounds detected below the limit of quantification (LOQ) were 333 

considered to have a concentration of ½ the LOQ (Table S4) (EPA, 2000). The mean and 334 

standard deviation (SD) were calculated using Microsoft® Excel 2011 functions. One-factor 335 

analysis of variance (ANOVA) and t-student tests for statistical analysis were performed with 336 

Sigmaplot 11.0; differences were considered significant at p<0.01. 337 

3. Results and discussion 338 

3.1 Elimination of EDCs in a sterile T. versicolor batch bioreactor treating reverse 339 

osmosis concentrate 340 

Fungal batch bioreactor treating ROC under sterile conditions was performed to assess the 341 

elimination of EDCs by the ligninolytic fungus T. versicolor. The analysis confirmed the 342 

presence of TTZ and BTZ, as well as other EDCs (TCEP, OP2EO, NP and estriol-16-343 

glucuronide) and the human biomarker caffeine, as shown in Figure 1. Other compounds, such 344 

as oestradiol-17-glucuronide, estrone, estrone-3-glucuronide, estriol-3-sulfate, TBEP and 345 

NP1EO, were detected in some samples during the treatment without being present at the 346 

beginning of the experiment. The two main hypotheses are that i) the compounds are present in 347 
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the ROC at low concentration levels, near the limit of quantification, which is higher in complex 348 

matrices (as is the case at the beginning of the experiment) (Badia-Fabregat et al., 2015) or that 349 

ii) conjugation/deconjugation processes occur during the treatment (Badia-Fabregat et al., 350 

2015). The compounds detected at higher concentrations were the BTs (with a maximum of 351 

7.40 µg L-1 for BTZ and 12.8 µg L-1 for TTZs), which were degraded by T. versicolor to 352 

concentrations <LOQ (Table S4).  353 

For calculation of removal percentages, those compounds found at levels below their LOQ were 354 

considered have concentrations of LOQ/2 (EPA, 2000) (Table S4 and Figure 1). In this case, 355 

removal of 73% of total EDCs was achieved at the end of the treatment (Figure 1A). Similar 356 

results were obtained for pharmaceuticals, with a removal of 68% after 6 d treatment, as 357 

demonstrated elsewhere (Badia-Fabregat et al., 2015). 358 

Monitoring of the target pollutants as performed in the present work is important in order to 359 

assess the best treatment for emerging contaminant elimination. Nonetheless, if TPs generated 360 

during the treatment are not further degraded, they can also represent an environmental 361 

problem because of their possible persistence as well as any possible associated toxicity. 362 

Sometimes transformation products might even lead to the generation of the initial compound 363 

(e.g., human-generated conjugated metabolites (phase II metabolites) that can be 364 

deconjugated), resulting in an increase in the concentration of some compounds after treatment 365 

instead of their removal. Therefore, for an exhaustive and complete elimination assessment, 366 

parent and transformation products should be included in the analytical methods. Because of 367 

this, in the next sections, fungal metabolites of BTZ, 4-MBTZ and 5-MBTZ are tentatively 368 

identified during mycoremediation in a synthetic medium and further analysed in a non-sterile 369 

ROC treatment in a bioreactor. 370 

3.2. Biotransformation studies of BTZ, 4-MBTZ and 5-MBTZ by T. versicolor in a synthetic 371 

medium 372 

To be able to detect any possible TPs generated during the treatment in real wastewaters, 373 

higher concentrations of BTZ and TTZs than those measured in the ROC were used in the 374 
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spiked synthetic medium (see section 2.2.2). The results of the biotransformation of these 375 

compounds are shown in Figure 2. 376 

The major removal process was attributed to biotransformation since the sorption observed in 377 

the HK experiments (difference between removal and biotransformation in Table S5) was 378 

almost negligible for the three compounds. The highest removal percentage corresponded to 5-379 

MBTZ, reaching 85% after 14 d of exposure (Figure 2 and Table S5). In contrast, the structural 380 

isomer 4-MBTZ showed higher persistence (removal c.a. 55%), as was previously observed by 381 

Weiss et al. (Weiss et al., 2006). However, the most stable compound was BTZ, with an 382 

elimination yield of 37% after 14 d of exposure. Similar removals were observed by Liu et al. 383 

(Liu et al., 2011) during their experiments with bacteria under aerobic conditions. 384 

The fungal dry weight increased 20% between the 1st and the 3rd day in the EB treatment and 385 

decreased after depletion of the initial glucose on day 3 (Figure S1). In contrast, when glucose 386 

was added periodically to avoid starvation of T. versicolor, the fungal dry weight increased 387 

between 50 and 70% after 14 d in the EB+G treatment and reached 88% in the BC+G 388 

experiment. However, no remarkable differences between removal percentages were observed 389 

after the 9th day between the EB and EB+G experiments (Figure 2). This leads us to 390 

hypothesize that T. versicolor might incorporate BTZ and TTZs in its metabolism as a carbon 391 

source despite the 8 g L-1 of glucose used in the experiments of EB+G. This effect has been 392 

previously reported for other xenobiotics, such as the UV filter benzophenone-3 (Badia-393 

Fabregat et al., 2015). However, further studies with 13C- or 14C-labelled compounds should be 394 

performed to confirm this hypothesis. Laccase activity was low in all the spiked experiments, 395 

with maximum values of 4.7 U L-1 for BC and 3.3 U L-1, 5.9 U L-1 and 3.2 U L-1 for BTZ, 4-MBTZ 396 

and 5-MBTZ, respectively.  397 

3.3. Tentative identification of BT transformation products in a synthetic medium 398 

The samples from experiments with spiked synthetic medium were analysed by on-line TFC-LC-399 

(ESI)-LTQ Orbitrap in order to tentatively identify any possible TPs generated during biological 400 

treatment with T. versicolor. The acquisition mode involved full scan MS data and, in parallel, 401 

the full scan of the MS2 fragmentation of the 5 most intense ions from the previous MS full scan. 402 
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Table 2 shows the results of the proposed elemental composition for the detected TPs. All the 403 

m/z values reported in Table 2 were identified in both EB and EB+G experiments, which 404 

indicates that the metabolic state of the fungus (related to low or high nutrient availability, 405 

respectively) might not be critical in terms of the biotransformation pathway. 406 

3.3.1. 1H-benzotriazole 407 

BTZ was detected at 4.51 min (Figure 3) with a m/z of 120.0556 corresponding to [M+H]+ (error 408 

mass: 0.001 ppm). The fragmentation of the molecular ion produced two major fragments 409 

(Figure S2) identified as 92 Da (loss of N2) and 65 Da (C5H5; corresponding to the typical 410 

fragment of substituted aromatic hydrocarbons (Badertscher et al., 2009)). Six potential TPs 411 

were tentatively identified: TP 134, TP 148 A, TP 178 A, TP 178 B, TP 192 and TP 222. Their 412 

corresponding extracted ion chromatograms (XICs) can be seen in Figure 3, the proposed 413 

pathways are shown in Figure 4 and the spectra of some of them are shown in Figures 4-5 and 414 

S3 to S6. The highest chromatographic peak intensities were detected for TP 222 and TP 178 415 

B, corresponding to a generation ratios (calculated as the relative area of the suspected peak in 416 

the chromatogram in comparison to BTZ area at t=0) of 11% and 9%, respectively, after 9 d of 417 

treatment. After 14 days of treatment, only TP 222 and TP 178 B had generation ratios of 27% 418 

and 9%, respectively, whereas BTZ was still present at 63% of its initial concentration (data not 419 

shown). 420 

Fragmentation pathway of TP 222 suggests the presence of a C4H7O3 group (RDB=1) attached 421 

to N. One of the most likely groups could have come from the tetrose sugar and could be 422 

attached through N-Glycoside bond (Table 2; proposed fragmentation pathway in Figure 5B). 423 

This hypothesis is based on the enzymatic activity of glycosyltransferases present in the fungus 424 

system (Bowman and Free, 2006), which catalyses the transfer of saccharide moieties from an 425 

activated nucleotide sugar (glycosyl donor) to a nucleophilic glycosyl acceptor (N-based in this 426 

case) (Williams and Thorson, 2009) (Figure 4). However, to the authors’ knowledge, this is the 427 

first report of tetrose conjugated metabolites during mycoremediation. In contrast, it was not 428 

possible to suggest a plausible molecular structure for TP 178 B since no MS2 spectra for 429 

structural elucidation was available (Table 2). With a hypothetical molecular formula of 430 

C9H12ON3 corresponding to its [M+H]+ and an RDB equal to 5.5, our hypothesis is that the 431 
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aliphatic chain contains an alcohol because of the loss of an H2O molecule based on its MS 432 

spectra (Figure S5). For this proposed TP, a structural isomer was detected at a different 433 

retention time (TP 178 A at 4.7 min; Table 2). In this case, we assume that both isomers differ in 434 

the position of the hydroxyl group. According to the calculated log Kow by the ALOGPS 2.1 435 

program (Tetko et al., 2005; VCCLAB, 2005), the molecule with the secondary alcohol is more 436 

lipophilic than the molecule with the primary alcohol. Based on this, the TP 178 B (with a 437 

secondary alcohol in the aliphatic group) would be the one detected at tr=5.0 min, and TP 178 A 438 

(with a primary alcohol) would be the one detected at tr=4.7 min. Finally, the structure of TP 178 439 

A could be confirmed based on its MS2 spectra (Figure 5A). The main hypothesis for the 440 

formation of these compounds is the reaction with prenyltransferases and/or terpene synthases 441 

(Wessjohann et al., 2013) (similar to reactions performed in fungal secondary metabolism 442 

(Keller et al., 2005)), leading to the corresponding alkylated compound and, subsequently, 443 

hydroxylation in the optimum position to generate TP 178 A and TP 178 B (Figure 4) due to 444 

lignin peroxidase (LiP), manganese peroxidase (MnP) and/or cytochrome P450 enzymes (Barr 445 

and Aust, 1994). 446 

Two other minor TPs were postulated: TP 192 (percentage formation of 1 and 2% after 9 d and 447 

14 d, respectively) and TP 148 A (percentage formation of 1 and 3% after 9 d and 14 d, 448 

respectively). TP 192 was detected at tr = 5.06 min (Table 2) with a [M+H]+ corresponding to 449 

C9H10O2N3 as the most accurate formula and RDB = 6.5. The proposed structure and 450 

fragmentation pattern can be seen in Table 2 and Figure S6, respectively. The fragmentation 451 

pattern suggests the presence of a propanoic acid attached to a triazole ring, which is confirmed 452 

by the loss of the carboxylic acid as shown in Figure S6. This compound could be generated 453 

from the oxidation of the primary alcohol of TP 178 A onto a carboxylic acid by LiP, MnP and/or 454 

cytochrome P450 enzymes (Barr and Aust, 1994) (Figure 4). A similar compound was proposed 455 

by Huntscha et al. (Huntscha et al., 2014), although the authors suggest a position inside the 456 

phenyl ring attached to the alkyl acid. Comparing MS2 fragments generated in both works, the 457 

same pattern is obtained, and none of them are conclusive enough to elucidate the position of 458 

the propanoic acid. Further studies based on 1H-NMR and 13C-NMR would be necessary to 459 

identify the position of the acid. In the case of TP 148 A, this structure was detected during the 460 

analysis of the samples using the SIEVE software and identified in the ChemSpider database. 461 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

 

According to the structure given in the ChemSpider database, the tentative structural elucidation 462 

is shown in Figure S4. A similar biotransformation product was postulated by Liu et al. (2011) 463 

during aerobic degradation of 5-MBTZ but not during the degradation of BTZ. 464 

Finally, TP 134 was detected as a minor TP (0.23 and 0.25% after 9 d and 12 d, respectively). 465 

The proposed structure is based on the methylation of the N. This compound was postulated 466 

according to its exact mass with an error below 0.3 ppm and an RDB of 5.5 at a retention time 467 

of 5.2 min since no MS2 was available (Table 2 and Figure S3). The fragmentation of the 468 

ionized parent compound ([M+H]+) did not generate any stable ions. However, the methylation 469 

(Figure 4) could be mediated by the methyltransferases enzymes present in fungi (Wessjohann 470 

et al., 2013). In addition, the same structure has been proposed by Liu et al. (2011) and 471 

Huntscha et al. (2014) during the biodegradation of BTZ under aerobic conditions with sewage 472 

sludge. 473 

3.3.2. 4-methyl-1H-benzotriazole 474 

The confirmation of this compound was based on the comparison with pure standard and, 475 

additionally, by its typical fragmentation pattern: the loss of 28 Da corresponding to N2 followed 476 

by the loss of CNH group (27 Da) (Figure S7). The degradation of this compound detected at 477 

4.9 min (Table 2) suggested two suspected TPs (see the XICs for both of them in Figure 6): TP 478 

236 and TP 148 B, with percentage formations between 0.1 – 0.3% in association with a 55% 479 

disappearance of 4-MBTZ (data not shown). Thus, in this case, further metabolism could occur. 480 

Concerning TP 148 B, the tentative structure was based on the methylation of the N group 481 

(Table 2). Its fragmentation pathway suggests the typical fragmentation of triazoles by the loss 482 

of N2 (28 Da) to generate the ion C8H10N
+ followed by the loss of C2H3N to form the ion C6H7

+, 483 

which corresponds to the typical fragmentation of substituted aromatic hydrocarbons (2009) 484 

(Figure S8). Biotransformation compounds with the same elemental composition were detected 485 

by Huntscha et al. (Huntscha et al., 2014). The authors proposed the methylation of the phenyl 486 

ring in different positions. Nonetheless, in this study, we linked the methyl group to N based on 487 

the most plausible reaction during mycoremediation and according to our MS2 data (Figure S8 488 

and Figure 4). However, methyltransferase enzymes (Wessjohann et al., 2013) would be able to 489 
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methylate the phenyl ring as well as the N group and further studies based on 1H-NMR and 13C-490 

NMR are necessary in order to identify the correct position.  491 

In contrast, the RDB and exact mass of TP 236 indicates the presence of a C4H7O3 group with 492 

an RDB equal to 1 and attached to N by an N-Glycoside bond as in the case of TP 222 from 493 

BTZ. This group could be, again, the tetrose sugar attached due to the activity of 494 

glycosyltransferases present in the fungus system (Bowman and Free, 2006; Williams and 495 

Thorson, 2009) (Figure 4). However, the generation of the MS2 spectra was not possible due to 496 

the low intensity of the signal, and the TP is postulated based only on MS spectra. 497 

3.3.3. 5-methyl-1H-benzotriazole 498 

5-MBTZ (detected at tr = 5 min; Figure 6 and Table 2) was the most efficiently degraded. Its 499 

identification, as in the case of 4-MBTZ, was based on the common loss of N2 for aromatic 500 

azides and the consequent loss of a CNH group to generate the ion C6H7
+ (79 Da) (Figure S9), 501 

as well as by comparison with the pure standard. Four different chromatographic peaks were 502 

identified as potential TPs (Figure 6 B): TP 148 C, TP 164, TP 206 and TP 236. At the end of 503 

the experiment (14 d), 5-MBTZ was at 15% of its initial concentration because of mineralization 504 

or transformation into other compounds, as described above. TP 236 was the one with the 505 

highest percentage (12.44%) followed by TP 148 C (c.a. 4%). 506 

The fragmentation, RDB and exact mass of TP 236 suggests the presence of the group C4H7O3 507 

(RDB=1) attached to N, as in the case of TP 222 of BTZ and TP 236 of 4-MBTZ (Table 2). This 508 

group could be linked due to the activity of glycosyltransferases (Bowman and Free, 2006; 509 

Williams and Thorson, 2009). On the other hand, the proposed structure for TP 206 is also 510 

based on the first alkylation due to prenyltransferases and/or terpene synthases (Wessjohann et 511 

al., 2013) followed by oxidation as a result of the activity of LiP, MnP and/or cytochrome P450 512 

enzymes (Barr and Aust, 1994) leading to carboxylic acid, as observed for TP 192 of BTZ 513 

(Figures 3 and 7A for TP 206 and Figures 3 and S6 for TP 192). 514 

In contrast, for the other major TP, TP 148 C, the most likely molecular formula of the ionized 515 

compound (C8H10N3) indicates the presence of an extra methyl group. The methylation of the N 516 

group of 5-MBTZ (Figure 4) is the most probable reaction under aerobic conditions, as has been 517 
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postulated in this work for the biotransformation of BTZ and 4-MBTZ. The tentative elucidation 518 

of this TP (Figure S10) was based on the loss of N2 and the subsequent loss of CH3N to 519 

generate the ion C7H7
·+ (corresponding to the typical fragment of substituted aromatic 520 

hydrocarbons (Badertscher et al., 2009)). However, again, since this process is regulated by 521 

methyltransferases enzymes (Wessjohann et al., 2013), the methylation could be done in the 522 

phenyl group. Huntscha et al. (2014) suggested the methylation of the phenyl ring as the most 523 

probable position due to the match of retention times of the TPs with the same m/z and 524 

molecular formula generated from 4- and 5-MBTZ. These factors did not occur in our study 525 

since TP 148 B (coming from 4-MBTZ) and TP 148 C (coming from 5-MBTZ) have different 526 

chromatographic retention times (see Table 2). 527 

Finally, the structure of TP 164 has been proposed based on oxidation into a primary alcohol in 528 

position 5 and further oxidation to a carboxylic acid due to LiP, MnP and/or cytochrome P450 529 

activity (Barr and Aust, 1994) (Figure 4). Figure 7B shows the tentative fragmentation pattern of 530 

this structure. This product was previously confirmed by Huntscha et al. (2014) during the 531 

biodegradation of 5-MBTZ by comparison with pure standard and by Müller et al. (2012) during 532 

the ozonation of 5-MBTZ. 533 

Nevertheless, the authors want to remark that any proposed enzymatic pathway for the 534 

biotransformation of the three selected benzotriazoles is based on hypotheses according to the 535 

available literature. Therefore, enzymatic assays would be necessary to finally confirm these 536 

pathways. 537 

3.4. Biodegradation of EDCs, including BTZ, 4-MBTZ, 5-MBTZ and their TPs, in a non-538 

sterile continuous fungal treatment of reverse osmosis concentrate 539 

The concentration of EDCs, including BTs and their previously identified TPs, was evaluated in 540 

a non-sterile continuous bioreactor treating ROC effluent. The 27 EDCs and related compounds 541 

in the treated ROC water were analysed via the on-line LC-MS/MS method (results are shown 542 

in Table 3), and the postulated TPs were screened by the on-line TFC-HRMS method. In terms 543 

of the total amounts of detected EDCs, fewer compounds were detected in the non-sterile ROC 544 

than in the previous sampling campaign for the sterile batch treatment: BTZ and TTZs were 545 

detected at 1.57 µg L-1 and 1.60 µg L-1, respectively (section 3.1).  546 
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Two HRT (3 and 2 days) were applied during the experiment (Badia-Fabregat et al., 2017). 547 

However, no statistically significant differences were found in the global removal of EDCs, which 548 

were 74% and 65%, respectively (Table 3). Moreover, removal percentages were not 549 

significantly different than those obtained from the non-inoculated control bioreactor (NI). These 550 

trends are similar for TTZ and BTZ, with removal percentages between 35 and 68% (Table S5). 551 

However, both compounds were detected below MLQ in most of the samples collected along 552 

the treatment, even in the uninoculated control. For 5-MBTZ, these removal percentages were 553 

lower than those observed in the synthetic medium and in the sterile ROC batch treatment. 554 

Competition with indigenous microorganisms probably decreases the capacity of T. versicolor to 555 

degrade these compounds (Badia-Fabregat et al., 2017).  556 

Finally, the screening for determining the presence of any TP was conducted via the SRM 557 

method (see section 3.2.3) with the molecular ion list built according to the results obtained from 558 

the synthetic medium (Table 2). After data processing, only one TP was identified as a potential 559 

TP generated during the treatment of ROC by fungi: TP 148 A, postulated to be a TP of BTZ 560 

(Table 2). However, we think that the presence of this compound could be linked to the 561 

degradation of other compounds since its response in the instrument is much higher than the 562 

one observed during the experiments with synthetic water (data not shown). In addition, the 563 

identity and the concentration of this compound could only be confirmed by comparison with a 564 

standard compound using a SRM method in a more sensitive instrument (i.e., LC-MS/MS used 565 

for the quantification of 27 EDCs and related compounds in this work). 566 

3.5 Evaluation of the toxicity 567 

Three tests were considered in order to monitor the toxicity along the experiments in synthetic 568 

medium as well as in bioreactor experiments: acute toxicity by the bioluminescence assay 569 

(assessed with V. fischeri) and estrogenic and anti-estrogenic activities (assessed by RYA). 570 

Toxicity assays need to be performed because the generation of any possible TP from the 571 

fungal treatment might be more toxic than the target pollutants (García-Galán et al., 2011). 572 

In the first place, the EC50 values after 15 min for V. fischeri (Microtox® assay) were determined 573 

to be 25, 26 and 4 mg L-1 for BTZ, 4-MBTZ and 5-MBTZ (Table S6), respectively, and are in 574 
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accordance with the results obtained by Pillard et al. (2001). Different toxicities for the structural 575 

isomers of methyl BTs are observed: 5-MBTZ is one order of magnitude more toxic than its 576 

structural isomer 4-MBTZ. Additionally, no estrogenic activity was detected for concentrations of 577 

up to 5300 mg L-1 for BTZ and 2400 mg L-1 for 4-MBTZ and 5-MBTZ (Table S6). However, anti-578 

estrogenic activity was found for the three compounds at concentrations above 150 mg L-1 for 579 

both TTZs and above 340 mg L-1 for BTZ (Figure S11 and Table S6). Nevertheless, the anti-580 

estrogenic response of BTZ was 10 times lower than the values reported by Harris et al. (2007) 581 

in a previous work. 582 

The EC50 values detected in our experiments were notably higher than the concentrations in the 583 

environment. This is a common aspect in toxicological studies for contaminants of emerging 584 

concern (Fent et al. 2006b). It should be highlighted that the toxicity can be detected using in 585 

vivo or in vitro assays. In vivo assays (e.g., monitoring of fish or zooplankton development) are 586 

more tedious and time-consuming but the results are usually more reliable. On the other hand, 587 

in vitro assays, such as RYA, are faster and cheaper but might lead to the omission of some 588 

effects due to the specificity of the targets monitored in those assays. Therefore, chronic toxicity 589 

can be analysed through in vivo assays that can detect EC50 values at much lower 590 

concentrations (at environmentally relevant concentrations) than those assessed by acute 591 

toxicity tests based on in vitro assays for many emerging contaminants (Fent et al. 2006b). For 592 

example, Tangtian et al. (2012) reported the hormonal disruption by BTZ in fishes at 593 

concentrations of > 10 µg L-1. Therefore, the endocrine-disrupting activity of BTs can neither be 594 

confirmed nor denied based on the results of the toxicological assays of this study. In the case 595 

of our study, the RYA assays were performed with the sole purpose of general toxicity 596 

monitoring during the experiments. 597 

In this context, only the anti-estrogenicity and acute toxicity based on bioluminescence assays 598 

were monitored during the fungal biodegradation of the pollutants in the synthetic medium. The 599 

initial toxicity units (TU) for acute toxicity during the bioluminescence assays in the experiments 600 

were below 4% and not significantly different than the blank control. These values did not 601 

change during the treatments, with the exception of the samples with spiked 4-MBTZ, which 602 

after 14 d exhibited a significant increase in toxicity (TU = 11 ± 3). A hypothesis is that the 603 
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generated TPs, i.e., TP 148 B and TP 236 (Table 2), with formation ratios of 0.1 and 0.3%, 604 

respectively (vs. 55% of disappearance of 4-MBTZ) as well as other potential non-identified TP 605 

compounds, are more toxic than the parent compound. In contrast, no anti-estrogenic activity 606 

was detected in any of the samples, probably due to the low concentrations of the target 607 

pollutants. The concentrations during the experiments (max. 10 mg L-1) were 2 orders of 608 

magnitude below the effective anti-estrogenic concentrations, and in this case, the generated 609 

TPs were apparently less toxic. 610 

Finally, in the case of bioreactor experiments with ROC, no estrogenic activity was detected in 611 

any of the samples analysed; however, possible anti-estrogenic activity was found in samples 612 

from the non-inoculated continuous bioreactor. Moreover, an increase in the acute toxicity (5 613 

TU) was found in the non-inoculated treatment (Badia-Fabregat et al, in preparation). However, 614 

values were always below 25 TU (threshold value for an effluent to be considered toxic 615 

according Decret 130/2003 from Generalitat de Catalunya, 2003). This could indicate that, even 616 

though bacteria can degrade target EDCs, the compounds generated as transformation 617 

products from these and other pollutants can be more anti-estrogenic than those generated by 618 

fungal treatment. 619 

4. Conclusions 620 

The biodegradation by T. versicolor in sterile batch mode allowed removing up to 73% of EDCs 621 

from RO brine. BTZ (7.4 µg L-1) and TTZs (12.8 µg L-1), the compounds detected at the highest 622 

concentrations, were removed 58 and 92%, respectively. Those removal percentages were 623 

maintained in a continuous process treating non-sterile ROC in fungal bioreactor. 624 

Based on fungal biodegradation in synthetic medium, BTZ was the most recalcitrant compound, 625 

with a removal of less than 40%. In addition, differences in removal yields between the isomers 626 

4-MBTZ (55% biodegradation) and 5-MBTZ (85% biodegradation) were observed, in 627 

accordance with previously published works. BTZ and the two TTZs led to the formation of 628 

different TPs after treatment with T. versicolor. The major products were postulated to form 629 

through the methylation of the triazole ring as well as from the formation of N-glycosidic bonds 630 

with some sugars present in the medium.  631 
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BTZ, TTZs and the tentatively identified TPs were monitored along the treatment of ROC in a 632 

fungal bioreactor run in continuous mode under non-sterile conditions. BTZ and TTZs were 633 

removed both in the fungal bioreactor and in the non-inoculated control bioreactor, indicating 634 

that microorganisms present in the ROC were able to degrade the selected compounds without 635 

the need for the addition of fungi, although this leads to more toxic compounds. TP 148, a 636 

presumably non-toxic TP generated from the biotransformation of BTZ, was detected in the 637 

fungal treatment but not in the control (non-inoculated) bioreactor.  638 
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Table 1: Chromatographic parameters for the direct analysis of BTZ, 4-MBTZ, 5-MBTZ and 787 

related products by TFC-LTQ-Orbitrap 788 

 789 

Time  
(min) 

On-line TFC 
Step TFC and LC 

connection 

LC 
Flow  

(mL/min) A% B% Flow  
(mL/min) A% B% 

0.00 1.50 0 100 Loading Out 0.50 5 95 
1.50 0.50 5 95 

TFC elution and 
LC separation 

In 0.00 5 95 
1.75 0.50 100 0 In 0.00 100 0 
6.75 0.50 100 0 In 0.00 100 0 
7.75 0.25 0 100 Return to initial conditions Out 0.25 5 95 
8.25 0.50 0 100 Return to initial conditions Out 0.50 5 95 
10.0 0.50 0 100 Return to initial conditions Out 0.50 5 95 

A: acetonitrile  790 
B: water (0.1% of formic acid)  791 
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Table 2: List of proposed transformation products identified during analysis by TFC-LTQ-792 

Orbitrap for samples after 9 d and 14 d. 793 

 tr (min) Proposed 
[M+H]+ RDB m/z Theoretical 

m/z 
Error 
(ppm) 

Proposed 
Structure 

Log Kow  
(Tetko et al., 2005; 

VCCLAB, 2005) 

BTZ 4.5 C6H6N3 5.5 120.0556 120.0556 0.001 

N

N

N

H

 

1.43 

TP 134 5.2 C7H8N3 5.5 134.0713 134.0713 0.149 

N

N

N

 

1.64 

TP 148 A 5.11 C9H10NO 5.5 148.0756 148.0757 -0.520 

N

O

 

2.28 

TP 178 A 4.7 C9H12ON3 5.5 178.0975 178.0974 0.561 

N

N

N

HO

 

0.93 

TP 178 B 5.0 C9H12ON3 5.5 178.0975 178.0974 0.561 

N

N

N
OH

 

1.04 

TP 192 5.06 C9H10O2N3 6.5 192.0767 192.0768 -0.567 

N

N

N

O
HO

 

0.85 

TP 222 4.62 C10H12O3N3 6.5 222.0873 222.0873 0.001 

N

N

N

OH

HO

O

H

 

0.34 

4-MBTZ 4.9 C7H8N3 5.5 134.0715 134.0713 1.492 

N

N

N

H

 

1.92 

 TP 148 B 5.57 C8H10N3 5.5 148.0868 148.0869 -0.675 
N

N

N

 

2.13 

TP 236 4.93 C11H14O3N3 6.5 236.1031 236.1030 0.424 

N

N

N

HO
OH

O
H

 

0.82 

5-MBTZ 5.0 C7H8N3 5.5 134.0715 134.0713 1.492 

N

N

N

H

 

1.92 
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TP 148 C 5.61 C8H10N3 5.5 148.0868 148.0869 -0.675 

N

N

N

 

2.13 

TP 164 4.4 C7H6O2N3 6.5 164.0454 164.0453 0.610 
N

N

N

H

O

HO

 

1.04 

TP 206 5.12 C10H12O2N3 6.5 206.0923 206.0924 -0.485 

N

N

N
O

HO

 

1.33 

TP 236 4.95 C11H14O3N3 6.5 236.1031 236.1030 0.424 

N

N

N

HO
OH

O
H

 

0.82 

 794 

795 
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Table 3: Initial concentration of EDCs and related compounds, as well as removal percentages, 796 

during the non-sterile continuous experiment. The treatments included a bioreactor inoculated 797 

with T. versicolor (fungal treatment) and a non-inoculated control bioreactor. Removal 798 

percentages for an HRT of 3 days are the mean of samples taken on days 12, 13, 14 and 15, 799 

and the percentages for an HRT of 2 days are the mean of samples taken on days 21, 22, 23 800 

and 24. 801 

 Initial time 
(µg L-1) SD 

Fungal inoculated bioreactor  Non-inoculated control 
bioreactor 

 
Rem. HRT 3 

d (%) 
Rem. HRT 2 

d (%)  Rem. HRT 3 
d (%) 

Rem. HRT 2 d 
(%) 

TCPP 5.44 0.006 99* 99*  99* 99* 

Tolyltriazole (5MBTZ) 1.60 0.23 55* 45*  49* 57* 

Benzotriazole 1.57 0.49 35 68*  68* 68* 

TCEP <LOQ  0 0  0 0 

Methylparaben <LOQ  50 -5  100* 100* 

TBEP <LOQ  0 0  -320 -364 

Estriol-16-glucuronide 0  n.a. n.a.  increase increase 

Estrone-3-sulfate 0  n.a. increase  n.a. n.a. 

Estrone-3-glucuronide 0  n.a. increase  n.a. n.a. 

Estrone 0  n.a. increase  n.a. n.a. 

Ethynilestradiol 0  n.a. increase  n.a. n.a. 

Diethylstillbestrol 0  n.a. increase  n.a. n.a. 

TOTAL 9.39 0.56 74* 65*  75* 79* 

BQL: Below Quantification Limit; n.a.: not applied; * Statistically significant removal;  802 

803 
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 804 

Figure 1: Evolution of A) total EDCs and related compounds concentration and B) individual 805 

compounds in the sterile batch bioreactor. 806 

  807 
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 808 

 809 

 810 

Figure 2: Concentrations of BTZ, 4-MBTZ and 5-MBTZ in the EB and EB+G treatments in the 811 

spiked experiments in synthetic media. The results are the means of duplicates. 812 

  813 
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 814 

 815 

Figure 3: Full scan chromatogram (m/z=100-250 Da) of 10 mg L-1 of BTZ treated with T. 816 

versicolor after 9 days with the presence of glucose and extracted ion chromatograms of the 817 

postulated TPs. 818 
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 819 

Figure 4: Proposed pathways during mycoremediation with T. versicolor for BTZ (A), 4-MBTZ 820 

(B) and 5-MBTZ (C). 821 
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(A) 822 

 823 
(B) 824 

 825 

Figure 5: (A) Mass spectra of TP 178 A from BTZ (via HRMS) and the proposed structural 826 

fragmentation based on MS2 experiments (via LTQ). (B) Mass spectra of TP 222 from BTZ (via 827 

HRMS) and the proposed structural fragmentation based on MS2 experiments (via LTQ). 828 
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 830 

Figure 6: Full scan chromatograms (m/z=100-250 Da) of 10 mg L-1 of A) 4-MBTZ and B) 5-831 

MBTZ treated with T. versicolor after 9 days with the presence of glucose and extracted ion 832 

chromatograms of the postulated TPs (A for TPs coming from 4-MBTZ and B for those coming 833 

from 5-MBTZ). 834 
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(A) 836 

 837 

(B) 838 

 839 

Figure 7: (A) Mass spectra of TP 206 from 5-MBTZ (via HRMS) and the proposed structural 840 

fragmentation based on MS2 experiments (via LTQ). (B) Mass spectra of TP 164 from 5-MBTZ 841 

(via HRMS) and the proposed structural fragmentation based on MS2 experiments (via LTQ). 842 
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• Bioremediation of wastewaters by fungi treatment with Trametes versicolor 
• Removal of endocrine disrupting compounds 
• Study of degradation of benzotriazoles and transformation products generated 
• Liquid chromatography coupled to a hybrid linear ion trap - high resolution mass 

spectrometer (Orbitrap) 


