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22Abstract

23The use of the ligninolytic fungi Trametes versicolor for the degradation of micropollutants
24has been widely studied. However, few studies have addressed the treatment of real
25wastewater containing pharmaceutically active compounds (PhAC) under non-sterile
26conditions. The main drawback of performing such treatments is the difficulty for the

27inoculated fungus to successfully compete with the other microorganisms growing in the
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28bioreactor. In the present study, several fungal treatments were performed under non-sterile
29conditions in continuous operational mode with two types of real wastewater effluent, namely,
30a reverse osmosis concentrate (ROC) from a wastewater treatment plant and a veterinary
31hospital wastewater (VHW). In all cases, the setup consisted of two parallel reactors: one
32inoculated with T. versicolor and one non-inoculated, which was used as the control. The
33main objective of this work was to correlate the operational conditions and traditional
34monitoring parameters, such as laccase activity, with PhAC removal and the composition of
35the microbial communities developed inside the bioreactors. For that purpose a variety of
36biochemical and molecular biology analyses were performed: phospholipid fatty acids
37analysis (PLFA), quantitative PCR (qPCR) and denaturing gradient gel electrophoresis
38(DGGE) followed by sequencing. The results show that many indigenous fungi (and not only
39bacteria, which were the focus of the majority of previously published research) can
40successfully compete with the inoculated fungi (i.e., Trichoderma asperellum. overtook T.
41versicolor in the ROC treatment). We also showed that the wastewater origin and the
42operational conditions had a stronger impact on the diversity of microbial communities
43developed in the bioreactors than the inoculation or not with T. versicolor.

44

45Keywords
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491. Introduction

50Special concern about the presence of pharmaceutically active compounds (PhACs) in surface
S51waters arose two decades ago (Daughton and Ternes, 1999). PhACs are compounds that are

52specifically designed to be biologically active even at low concentrations. The main source of



53PhAC are the effluents of wastewater treatment plants (WWTPs), where conventional
54activated sludge treatment is not able to properly degrade them. For instance, diclofenac, a
55common analgesic and anti-inflammatory, has an average removal percentage of only 29%
56(Verlicchi et al., 2012). Therefore, alternative treatments should be found. The use of
57ligninolytic fungi has been studied based on their ability to degrade conventional pollutants
58(Pointing, 2001). The use of ligninolytic fungi immobilised enzymes has recently gained
59attention for the degradation of PhACs as they can overcome the problem of maintaining
60active microorganisms (Spina et al., 2015). However, it is common the need for a recurring
61supply of enzymes in order to maintain the activity of the enzymes for a long period of time.
62

63Successful results were obtained using the whole fungus Trametes versicolor, a well-known
64ligninolytic fungus, with degradation percentages greater than 90% for many PhACs in spiked
65experiments, as reviewed by Cruz-Morat6 et al. (2013b). T. versicolor has also been
66demonstrated to degrade PhAC in real wastewater (Badia-Fabregat et al., 2015a; Cruz-Morat6
67et al., 2014, 2013a), even in continuous operation mode (Badia-Fabregat et al., 2015b). Many
68factors can affect the efficiency of the treatment, such as the configuration of the reactor, the
69chemical profile of the wastewater, the addition of nutrients and the pH (Anastasi et al.,
702010). The two main drawbacks of fungal reactors when working under non-sterile conditions
71are the overtaking of the inoculated fungus by bacteria and the washing out of extracellular
72enzymes during continuous operation. However, it was reported that a continuous
73extracellular enzyme concentration is not crucial to achieve good degradation percentages
74(Anastasi et al., 2010; Badia-Fabregat et al., 2015b; Blanquez et al., 2004; Yang et al., 2013)
75and intracellular enzymes have also been reported to play a key role in the degradation of
76micropollutants (Marco-Urrea et al., 2009). Therefore, in the present study, we focus mainly

770n the competition between the inoculated fungus and other microorganisms.
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78

79Most real wastewater treatment under non-sterile conditions has been conducted for textile
80wastewater (Blanquez et al., 2008; Hai et al., 2008; Libra et al., 2003; Lu et al., 2009) and,
81recently, urban and hospital wastewater (Badia-Fabregat et al., 2015a, 2015b; Cruz-Morat6 et
82al., 2014, 2013a). Treating urban wastewater with fungi is a greater challenge than treating
83textile wastewater due to the higher microbial titre of the former, leading to possible
84competition between the inoculated fungus and the indigenous microorganisms. Therefore,
85different strategies to avoid or minimise bacterial growth have been implemented in different
86studies. Some were successful but expensive, such as continuous ozonation of the media
87(Cheng et al., 2013), whereas others, such as maintaining an acidic pH, did not suppress
88bacterial growth (Libra et al., 2003). Fungal reinoculation was reported in previous studies for
89effective control of bacterial growth (Blanquez et al., 2006; Dhouib et al., 2006); thus, it was
90included in the treatments presented here.

91

92Little is known about fungal and bacterial interactions in liquid media (Weber et al., 2007;
93Yang et al., 2011) because the vast majority of studies on fungal-bacterial interactions are
94performed in soil (Mikeskova et al., 2012; Rousk and Baath, 2007). Usually, fungi are not
95taken into account in the microbiota characterisation of wastewater. However, they represent
96an important load (e.g., reaching approximately 100 colony forming units (CFU) in a landfill
97leachate effluent (Tigini et al., 2014)). In the present study, biochemical and molecular tools
98(phospholipid fatty acids analysis (PLFA), denaturing gradient gel electrophoresis (DGGE)
99and quantitative PCR (qPCR)) were used to study the microbial communities (both fungal and
100bacterial) during non-sterile fungal treatment of real effluents (reverse osmosis concentrate
101(ROC) and veterinary hospital wastewater (VHW)). The present study, thus, focuses on the

102microbial communities developed in the different treatments and their relationship with the
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103operational parameters with the final aim to identify the optimal conditions for the
104development of the fungal activity in the near future. All treatments included a fungal-
105inoculated bioreactor (I) and a non-inoculated bioreactor (NI) in parallel as a control.
106Therefore, the main aim of the study was to identify the microbial communities that
107developed in the continuously operating bioreactors and, for the first time, to statistically
108correlate them with PhAC removal, fungal survival and the operational parameters and data
109from traditional monitoring methods (mainly laccase activity, glucose consumption and visual
110aspects).

111

1122. Materials and methods

1132.1. Fungal strain and pellet production

114Trametes versicolor (ATCC#42530) was obtained from the American Type Culture Collection
115and was maintained by sub-culturing on Petri dishes in malt extract (2%) and agar (1.5%)
116medium at 25 °C. Pellet production was performed as previously described by Blanquez et al.
117(2004). Briefly, a mycelial suspension was obtained by inoculating four 1 cm? plugs from the
118malt agar plate in a 500 mL Erlenmeyer flask containing 150 mL of malt extract medium (2%,
119adjusted to pH 4.5). Flasks were incubated at 25 °C in an orbital shaker for 4-5 days. The
120obtained mycelial mass was ground with a homogeniser and the resulting mycelial suspension
121was stored in a sterile saline solution (8 g L™ NaCl). This suspension was used to obtain
122pellets by inoculating 1 mL of the suspension in 250 mL malt extract medium (2%, adjusted
123to pH 4.5) in a 1 L Erlenmeyer flask. Flasks were incubated at 25 °C in an orbital shaker for 5-
1246 days.

125

1262.2. Wastewater

14 5
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127The ROC,was obtained from a pilot plant located in Castell-Platja d’Aro WWTP, in the north-
128east of Spain. The pilot plant was described in detail by Dolar et al. (2012); briefly, it consists
1290f a membrane bioreactor (MBR) that treats urban wastewater, followed by a reverse osmosis
130unit. The volume treated in the pilot plant is 200 L h™'. The obtained permeate is two thirds of
131it and, the other third, is concentrate. The ROC was sampled on April 2013 and was stored for
132a month at 4 °C until its use in the bioreactor experiments. VHW was sampled twice from a
133veterinary hospital located on the Universitat Autonoma de Barcelona campus (Bellaterra,
134Barcelona, Spain): on the day that the bioreactor was set up and after a week. The pertinent
135wastewater in the feed storage tank was replaced by fresh water stored at 4°C every 2-3 days
136for VHW and 3-5 days for ROC. The characterisation parameters of the ROC and VHW
137samples are presented in Table S1.

138

1392.3. Overview of the experimental design

140Three experiments were performed: two on VHW (VHW1 and VHW?2) and one on ROC. Two
141air-pulsed fluidised bed glass bioreactors were used for each experiment. One bioreactor was
142inoculated with T. versicolor (I), and the other was not inoculated and served as a control
143(NI). The operational conditions are described in Section 2.4. The conditions were similar for
144the VHW1 and ROC treatments and were modified for the VHW?2 experiment to improve T.
145versicolor survival. For each bioreactor (I and NI) and experiment, various analyses were
146performed, as summarised in Table 1: PhACs were quantified to determine their degradation
147during the experiments; the toxicity of the samples was evaluated by means of a standard
148Microtox analysis; DGGE-sequencing was used to identify the microorganisms present in the
149samples; the ratio of fungi to bacteria was determined by PLFA; and the ratio of T. versicolor
150vs total fungi was determined by qPCR. PhAC concentration, toxicity analysis and DGGE

151results for VHW2 were previously reported by Badia-Fabregat et al. (2015b). The PhAC
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152concentrations of the VHW1 treatments were not analysed due to the suspicion of poor fungal
153performance (see Section 3). All the results from the VHW and ROC experiments were
154processed by principal component analyses (PCA) and detrended correspondence analyses
155(DCA) to determine the correlations between the microbial community and operational
156conditions.

157

1582.4. Bioreactors and operating conditions

159The air-pulsed fluidised bed glass bioreactors had a working volume of 1.5 L (Blanquez et al.,
1602004). Each bioreactor can be divided in two areas: a lower part, with an inlet diameter of 7.5
161cm, where the air pulses enter through a porous plate, and an upper part, with an inlet
162diameter of 14 cm, which allows better air diffusion and the insertion of probes. The
163electrovalve was controlled by a cyclic timer that produced air pulses at a frequency of 1 sec
164open every 4 sec. The temperature was set to 25 °C and the pH was kept constant at 4.5 by
165adding 1 M HCI or 1 M NaOH. Glucose and ammonium tartrate were added in pulses from a
166concentrated stock. The main operational parameters of each experiment are provided in Table
1671. The conditions were initially set based on studies performed under sterile conditions
168(Blanquez et al., 2006; Casas et al., 2013) because no publications have reported optimal
169conditions for non-sterile continuous fungal treatment. Therefore, the nutrient additions and
170cellular retention time (CRT) were changed during the experiments according to the
171monitoring results (see Section 2.7) to improve the performance of T. versicolor. Moreover,
172the hydraulic retention time (HRT) effect was studied and was modified from 3 to 2 days for
173the VHW1 and ROC treatments (Table 1). For VHW?2, it was maintained at approximately 3 d
174to exclude it as a variable to simplify the interpretation of results. Each treatment was run for

175approximately one month. Fungal pellets were kept inside the bioreactor by means of a mesh.

20 7
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176Usually (see Table 1), 1/3 of the biomass was replaced with fresh biomass every 5 days
177(partial biomass renovation), corresponding to a CRT of 15 days (Blanquez et al., 2006).

178

179Liquid samples were collected from the outlet effluent storage bottle, which was replaced
180every 24 hours. A 60 mL sample was kept frozen at -20 °C until microbial analysis was
181performed, and 250 mL was sequentially vacuum filtered with Whatman GF/C filters and a
1820.45 pm nylon filter (Millipore), and 200 mL was then stored at -20°C until pharmaceuticals
183characterisation and 50 mL was used immediately for the other analyses. Samples of fungal
184pellets washed with distilled water were also taken during the VHW2 and ROC experiments
185at every partial biomass renovation.

186

187Table 1.Summary of operational parameters and results of continuous fungal treatments.

VHW1 VHW?2* ROC
HRT (d) 3 and 2 3.3 3 and 2
Length of treatment (d) 30 26 24
CRT (d) 15 Variable 15
o _e,e -1

g};lcose initial feed rate (mg g DCW 200 343 192
Ammonia initial feed rate (mg g
DCW- d) 0.45 0.77 0.43

. b 1326", decreased b
C/N ratio (mol/mol) 1326 t0 7.5 at day 12 1326
Initial fungal biomass (g DCW L) 4.4 3.7 3.6
Final fungal biomass (g DCW L™ 2.8 3.6 3.3

188 Badia-Fabregat et al. (2015b); ® Optimal C/N ratio for sterile conditions (Casas et al., 2013)
189n.a.: not analysed; HRT: hydraulic residence time; CRT: cellular residence time; DCW: dry
190cell weight

191

1922.5. Microbial community analysis

1932.5.1. Phospholipid fatty acids analysis (PLFA)

23 8
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194For PLFA extraction, 40 mL of liquid samples was centrifuged for 20 min at 10000 g, and the
195supernatant was filtered through a 0.7 pm glass-fibre filter (Millipore). The cell pellet and
196filter were extracted together according to Frostegard et al. (1993). Then, the samples were
197analysed by gas chromatography (Hewlett Packard Series II 5890 equipped with a flame
198ionisation detector and a 50 m HP-5 capillary column) following the protocol described by
199Pennanen et al. (1996).

200

201To determine the bacterial biomass, the following fatty acids were considered: i15:0, al5:0,
20215:0, i16:0, 16:1w9, i17:0, a17:0, 17:0, cy17:0, 18:1w7 and cy19:0. To determine the fungal
203biomass, only 18:26,9 was considered because it is reported to correlate well with ergosterol
204and fungal qPCR (Baéath and Anderson, 2003; Landeweert et al., 2003). To calculate the
205approximate amount of C that can be assigned to bacteria and fungi, conversion factors
2060btained from the literature were applied: 363.6 nmol bacterial PLFA/mg C for bacteria
207(Frostegard and Baath, 1996) and 11.8 nmol fungal PLFA/mg C for fungi (Klamer and Baath,
2082004).

209

2102.5.2. Nucleic acid extraction, PCR-DGGE, sequencing and phylogenetic analyses

211Total DNA was extracted from 4 mL samples using a FastDNA SPIN Kit for Soil (MP
212Biomedicals) following the procedure described by the company. Fragments of the bacterial
21316S and fungal internal transcribed spacer (ITS) region of 18S rDNA were PCR amplified by
214DreamTaq polymerase (Thermo Scientific). Universal primers were used in both reactions:
2150968 forward (5° ACC GCG AAG AAC CTT AC 3’) and R1401 reverse (5’ CGC TGT GTA
216CAA GAC CC 3’) for bacteria (Niibel et al., 1996) and ITS1F forward (5’ CT TGG TCATTT
217AGA GGA AGT AA 3’) (Gardes and Bruns, 1993) and ITS2 reverse (5 GCT GCG TTC TTC

218ATC GAT GC 3’) (White et al., 1990) for fungi. A GC clamp (5’ CCC CCCCCCCCC CGC

26 9
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219CCC CCG CCC CCC GCC CCC GCC GCC C 3’) was attached to the primers ITS1F and
2200968 at the 5’ end. The PCR programmme for fungi was 5 min at 95 °C followed by 40
221cycles of 30 sec at 95 °C, 40 sec at 55 °C and 1 min at 72 °C, with a final elongation step of 5
222min at 72 °C. The bacterial programme was the same, except for the annealing temperature,
223which was 56 °C. The length and amount of PCR products were estimated in 1% agarose gel
224labelled with ethidium bromide. A DNA ladder was added as a control.

225

226DGGE was performed in an INGENYphorU (Ingeny, The Netherlands) system. The gel
227contained 7.5% acrylamide/bisacrylamide (37:5:1). The urea gradients for optimal separation
228of the bands were 40-80% for bacteria and 25-60% for fungi. Electrophoresis was performed
229for 16 hours at 75 V in 1x TAE buffer at 60 °C. Gels were stained with SYBR Gold
230(Invitrogen, Life Technologies). Selected DGGE bands were excised, reamplified (22 cycles)
231and re-run in a DGGE gel until the bands were sufficiently clean (after 3-6 repetitions) for
232sequencing. Purification and sequencing of the PCR products amplified without the GC clamp
233was performed by a commercial service (Macrogen Inc., South Korea). Partial fungal and
234bacterial DGGE-derived sequences were aligned with sequences retrieved from the databases
2350f GenBank/EMBL/DDBJ with the Blast algorithm (Tables S3 and S5). Bacterial and fungal
236sequence data were deposited at the GenBank database under Accession Numbers
237KM355623-KM355667 and KM361323-KM361352, respectively. Sequences that could not
238be deposited because their length was less than 200 bp can be found in the supplementary
239material (Tables S4 and S6).

240

2412.5.3. Quantitative PCR (qPCR)

242qPCR was performed for the total fungi and specific for T. versicolor with ITS1F and ITS2

243primers and those described by Eikenes et al. (2005) in the ITS1 region for T. versicolor,
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244respectively. The 20 pL of reaction mixture contained 10 pL. of Maxima SYBR Green qPCR
245Master Mix (Fermentas), 0.375 pM of each primer and 1 pL of DNA. The reactions were
246performed on a Rotor-gene 6000 (Corbett Research, Australia) apparatus using the
247temperature programme described in the article of Eikenes et al. (2005) for T. versicolor and
248the programme described at Rajala et al. (2013) for total fungi. Standard curves were
249performed with known amounts of T. versicolor (CT= -3.126*log(conc)+32.221, efficiency
2501.089) and Heterobasidion annosum (CT= -3.748*log(conc)+36.037, efficiency 0.848),
251respectively.

252

2532.6. Analysis of pharmaceuticals

254The analytical procedure performed for the VHW2 samples was based on Gros et al. (2012).
255Briefly, 50 mL of sample was pre-concentrated by solid-phase extraction (SPE) using Oasis
256HLB (3 cc, 60 mg) cartridges (Waters Corp. Mildford, MA, USA), which were previously
257conditioned with 5 mL methanol and 5 mL. HPLC grade water. Elution was performed with 6
258mlL of pure methanol. The extracts were evaporated under nitrogen stream and reconstituted
259with 1 mL of methanol-water (10:90 v/v). Lastly, 10 pL of internal standard mix at 1 ng pL™
260was added to the extracts for internal standard calibration. Chromatographic separation was
261performed with an ultra-performance liquid chromatography system (Waters Corp. Mildford,
262MA, USA), using an Acquity HSS T3 column (50 mm x 2.1 mm i.d. 1.7 pm particle size) for
263the compounds analysed under positive electrospray ionisation (PI) and an Acquity BEH C18
264column (50 mm x 2.1 mm i.d., 1.7 pm particle size) for compounds analysed under negative
265electrospray ionisation (NI), both from Waters Corporation. The UPLC instrument was
266coupled to a 5500 QqLit, triple quadrupole—linear ion trap mass spectrometer (5500 QTRAP,

267Applied Biosystems, Foster City, CA, USA) with a Turbo V ion spray source. Two MRM
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268transitions per compound were recorded using the Scheduled MRM™ algorithm, and the data
269were acquired and processed using Analyst 2.1 software.

270

2712.7. Monitoring analyses

272The glucose concentration was measured using a YSI 2700 SELECT (Yellow Spring
273Instruments) biochemical analyser. Laccase activity was determined spectrophotometrically at
274468 nm by monitoring the oxidation of 2,6-dimethoxyphenol (DMP) in a modified version of
275the method for the determination of manganese peroxidase of Kaal et al. (1993). The reaction
276mixture contained 600 pL of sample, 200 pL. of 250 mM sodium malonate at pH 4.5, and 50
277pL of 20 mM DMP. The molar extinction coefficient of DMP was taken as 24.8 mM DMP™*
278cm™ (Wariishi et al., 1992). One activity unit was defined as the amount of enzyme able to
2790xidise 1 micromole of DMP per minute under the assay conditions. The biomass pellet dry
280weight was determined after vacuum-filtering the cultures through pre-weighed glass-fibre
281filters (Whatman, Spain). The fungal amount was determined as the constant weight at 100
282°C. Additionally, the visual evolution of the biomass in the bioreactors, mainly the colour and
283consistency of the fungal pellets, was routinely checked. Dissolved organic carbon (DOC) and
284total suspended solids (TSS) were analysed according to APHA (APHA-AWWA-WEEF, 1995).
285The N-NH," concentration and chemical oxygen demand (COD) were analysed by using
286commercial kits LCH303 and LCK114 or LCK314, respectively (Hach Lange, Germany).
287Chloride, nitrate, nitrite and sulphate anions were quantified by a Dionex ICS-2000 ionic
288chromatograph. Phosphate was analysed by a phosphate analyser (Hach Lange 115 VAC
289Phosphaxsc). Conductivity was determined by a CRISON MicroCM 2100 conductivity meter,
290and pH was measured by a CRISON MicropH 2001 pH meter. A Microtox assay with the

291bioluminescent bacteria Vibrio fischeri was used to perform the acute toxicity test. The 50%
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292effective concentration (ECsy) was measured after 15 min of exposure with a filtered sample
293at pH 7. Effluent toxicity was expressed in toxicity units (TU), calculated as TU=100/ECsq.
294

2952.8. Calculations and statistical analysis

296PCA was performed for the PLFA results on a correlation matrix using the area percentage of
297the respective PLFA (% of the summed area of all PLFA peaks used in the analyses). DGGE
298gel images were analysed with GelCompar II (ver. 5.1.; Applied Maths BVBA, Belgium),
299generating a binary matrix (presence/absence of band) that was further analysed by DCA on a
300Jaccard distance matrix (including all 71sequenced and non-sequenced fungal and bacterial
301bands and 46 samples). The binary matrices for the bacteria and fungi were combined for all
302samples to perform the analysis, similar to the approach of PLFA. PCA and DCA were
303performed with the PC-ORD 5.0 program. Thirteen bioreactor variables (the full list can be
304found in supplementary material), such as time, glucose concentration and COD were tested
305for their possible axis distribution explanation.

306

307For the pharmaceutical removal calculations, compounds below the quantification limit were
308considered to have a concentration of %4 the limit of quantification (LOQ) (EPA, 2000). The
309mean and standard deviation were calculated using Microsoft® Excel 2011 functions. One-
310factor analysis of variance (ANOVA) was performed for experimental data with Sigmaplot
31111.0.

312

3133. Results

3143.1. Performance of non-sterile fungal bioreactors in continuous operation

3153.1.1. Bioreactor operation and monitoring
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316The performance of three bioreactors inoculated with the fungus T. versicolor to treat ROC
317and VHW was compared with non-inoculated bioreactors. The extracellular enzyme activity
318was used as a possible indicator of fungal activity, although some previous works found no
319clear relationship between laccase activity and good removal percentages (Blanquez et al.,
3202004; Yang et al., 2013). As shown in Fig. 1, the laccase activity was not stable over time in
321any reactor, with peaks only after some partial fungal renovations, as already found by Badia-
322Fabregat et al. (2015b). The laccase activity was higher for VHW than ROC. However, in
323both cases it was lower than expected for a mixed culture, where it has been reported to be
324induced due to inter-specific interactions (Baldrian, 2004; Freitag and Morrell, 1992). In fact,
325for VHW1-I and ROC-I at an HRT of 2 days, the laccase activity was mostly less than 1 U L.
326Nevertheless, for VHW2-1, decreased laccase activity occurred when T. versicolor was more
327active in terms of removal percentage (Badia-Fabregat et al., 2015b). Therefore, decreased
328laccase activity might not be related to a lack of optimal conditions for the longer survival of
329T. versicolor. Some laccase activity (<5 U L) was observed in the ROC-NI control bioreactor
330from day 16 until the end of the operation (Fig. S1). Therefore, we confirm that laccase
331activity is not a suitable indicator of good performance for fungal treatment, as we previously
332suggested (Badia-Fabregat et al., 2015b).

333

334With respect to the other monitored parameters, glucose was completely consumed in all
335fungal (I) bioreactors, whereas in the control (NI) bioreactors, it accumulated in the media
336during the first 6-9 days of operation until indigenous microorganisms started to grow inside
337the reactor (data not shown). COD was lower in all I reactors than NI reactors for all three
338treatments because of the higher accumulation of metabolic products in the latter (i.e.,
339reaching approximately 10 g O, L™ in the VHW2-NI treatment, see Fig. S2). Nevertheless,

340COD was always higher in the bioreactor effluent than in the initial wastewater.
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343Figure 1. Evolution of (e) laccase activity at A) VHW1, B) VHW2 and C) ROC fungal
344inoculated (I) continuous reactors. Arrows shows the days where 1/3 old fungal biomass was
345changed by fresh one.Continuous line shows the gluccose addition rate. Dotted vertical line

346marks the change of HRT from 3 to 2 days or the change in the C/N ratio of the fed nutrients
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347(at VHW2 HRT was 3d during all the operation). Data of B) is from Badia-Fabregat et al.
348(2015b).

349

350Taking into account that the extracellular enzyme activity and gluccose consumption rate
351might not be optimal indicators of T. versicolor activity, visual examination of bioreactors has
352also been reported as a possible indicator of performance. The visual appearance of the
353bioreactor biomass varied over time and between treatments (Fig. S3 and S4). For VHW1-NI
354between days 23 and 29, a black biofilm developed on the bioreactor inner walls. Fungal
355pellets of VHW1-I were also black at the end of the treatment, which made us suspect failure
3560f T. versicolor to succeed against contamination. For VHW2-I, the T. versicolor pellets lysed
357at day 6 but were recovered probably due to a change in the nutrient addition (Badia-Fabregat
358et al., 2015b). The higher supply of nutrients and the later change in the carbon/nitrogen
359(C/N) ratio allowed the recovery of the fungus and made the bioreactor brownish due to the
360production of melanin-like pigments (Song, 1999; Temp and Eggert, 1999). For ROC-I, a
361pink and green biofilm appeared on the reactor walls, whereas for ROC-NI, the biofilm was
362brown and white. The fungal biomass also decreased until 1.4 g DCW L™ (data not shown)
363between days 15 and 20 for ROC-I for unknown reasons. Increasing the nutrient feed to 360
364mg glucose g d* at day 16 and partial renewal of the biomass at day 20 recovered the fungal
365biomass. However, as shown in Section 3.2, recovery was not achieved and colonisation of
366fungal pellets was observed.

367

3683.1.2. Degradation of pharmaceuticals

369PhACs were analysed in the VHW2 and ROC experiments but not in the VHW1 experiment
370due to the suspicion of poor fungal performance in the latter. Then, the main purpose of

371VHW1 was to compare the microbial analysis with that of VHW2 to see whether there were
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372differences between a well-performing bioreactor and a poorly performing bioreactor and to
373identify the microorganisms that caused the failure of the bioreactor. The pharmaceuticals
374removal results for VHW2 can be found in a previous article (Badia-Fabregat et al., 2015b).
375Briefly, 44% removal of total PhACs was achieved at an HRT of 3 days after decreasing the
376C/N ratio whereas in the non-inoculated bioreactor, no removal, or even an increase in the

377concentration of PhACs, was observed.
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380Figure 2. PhACs concentration at the wastewater (influent) and at every HRT for each
381bioreactor (ROC-I and ROC-NI). Error bars represents standard deviation of 4 samples taken
382at hydraulic steady state.

383

384For the pharmaceutical removal evaluation of the ROC experiment, the mean values of 4

385samples for each HRT (at 12, 13, 14 and 15 days for an HRT of 3 days; and at 21, 22, 23 and
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38624 for an HRT of 2 days) were compared with the initial ROC concentration in the influent.
387The PhAC concentration in the ROC and the degradation percentages of specific compounds
388are presented in Table S7. Fig. 2 shows significant differences in the fungal bioreactor at HRT
3893d compared to the non-inoculated control (degradation of 52% in I and 25% in NI), showing
390that degradation was presumably due to fungal action. For an HRT of 2d there were no
391statistically significant differences between treatments due to a decrease in the degradation
392percentage in ROC-I (43% removal) and an increase in ROC-NI (38%). However, there were
393significant differences with respect to the influent in both reactors. The decrease in the
394removal in ROC-I at an HRT 2d was due to the decrease in the HRT or the biomass
395conditions, or a combination of both.

396

3973.1.3. Toxicity of bioreactors effluents

398Microtox analysis of the acute toxicity showed no toxicity in all of the reverse osmosis
399concentrates and ROC-I effluent (Table S8). However, an increase (5 TU) in toxicity was
4000bserved for ROC-NI. This might be attributed to toxic compounds produced in the control
401bioreactor. However, the values were always less than 25 TU, the threshold value for an
402effluent to be considered toxic (Generalitat de Catalunya, 2003). Therefore, the compounds
403were either not highly toxic or were present at low concentrations. VHW was not toxic (1-20
404TU) nor were the effluents of the I and NI bioreactors (0-3 TU).

405

4063.2. Microbial communities study

4073.2.1. Fungal/Bacterial ratio by PLFA analysis

408PLFA analyses were performed to quantify the total bacteria and total fungi at different times
409in each experiment. For the sake of clarity, it has to be taken into account that T. versicolor

410pellets were kept inside the reactor and samples were from the effluent, therefore, only fungi
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411in the liquid phase (not in the pellets) were quantified. The results for VHW1 are shown in the
412first column of Fig. 3. The fungal and bacterial concentrations in the effluent were maintained
413similar to that of the feed (Fig. 3, first column). For VHW?2 (Fig. 3, second column), the
414growth of microorganisms was more notable, probably due to the higher supply of nutrients.
415A bacteria peak was observed at day 6 for VHW?2-1, when T. versicolor was lysed. However,
416in both the I and NI bioreactors, the increase in the fungal/bacterial (F/B) ratio from day 10
417shows that the decrease in the C/N ratio favoured the growth of fungi. For ROC (Fig. 3, last
418column), microorganism concentration in the wastewater was considerably lower than for
419VHW, as expected, due to the origin of each wastewater (RO concentrate from a MBR
420effluent and raw wastewater, respectively). Inside the bioreactors, the fungal and bacterial
421concentrations increased, but bacteria did not reached the levels obtained for the VHW
422bioreactors. Therefore, F/B ratio was the highest for the ROC treatment.

423
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425Figure 3. Evolution of A) fungal carbon, B) bacterial carbon, C) total biological carbon and
426D) ratio fungi/bacteria in the three experiments (VHW1, VHW2 and ROC). Symbols: (e)
427influent wastewater, (©) fungal inoculated bioreactor (I) effluent and (¥) non-inoculated
428control bioreactor (NI) effluent.
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431Figure 4. Total fungi and T. versicolor quantification by qPCR in the different treatments.

432Comparison of total fungi and T. versicolor of liquid and pellets in T. versicolor inoculated

433reactors containing A) VHW1, C) VHW2 and E) ROC, and comparison of total fungi

434developed in T. versicolor inoculated reactors and non-inoculated control reactors of B)

435VHW1, D) VHW?2 and F) ROC. Symbols: (e) Total fungi at liquid sample of fungal reactor,

436(0) T. versicolor at liquid sample of fungal reactor, (m) Total fungi at pellets sample of fungal

437reactor, (O) T. versicolor at pellets sample of fungal reactor and (A) Total fungi at liquid

438sample of non-inoculated control reactor.
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439

4403.2.2. qPCR of T. versicolor and total fungi

441gPCR for the total fungi and specific for T. versicolor was performed using liquid samples
442and fungal pellets. As shown in Fig. 4A, 4C and 4E, fungi other than T. versicolor developed
443in the liquid of all bioreactors except VHW1. In fact, throughout the VHW1 treatment, the T.
444versicolor amount was similar to the total fungi, in contrast to what was expected when
445considering the black colour of the pellets due to the growth of other microorganisms. In
446c¢ontrast, for ROC, T. versicolor decreased and even disappeared from the liquid sample at day
44724 and decreased by more than 4 orders of magnitude in the pellet samples. Therefore, other
448fungi were growing in the original pellets of T. versicolor. The increase in T. versicolor
4490bserved at 21 days in the liquid was probably due to the 1/3 pellet renovation on day 20.
450When comparing fungal bioreactors (I) with the controls (NI) (Fig. 4B, 4D and 4F), fungal
451concentration in I was stable, whereas in the NI, it increased until reaching the same
452concentration as I. In general, the results from the total fungi gPCR analyses are in accordance
453with those obtained by PLFA.

454

4553.2.3. Microbial diversity by DGGE

456The DGGE results for T. versicolor are in agreement with those of the qPCR. T. versicolor
457was found in every sample of the I bioreactors, except for the ROC experiment from day 15
458onwards (Fig. 5). Sequencing of the fungal DGGE profiles indicated that the fungus that
459competed with T. versicolor and finally prevailed in ROC-I was most likely Trichoderma
460asperellum. At the same time, in ROC-NI, the predominant fungus was a Penicillium sp.,
461which was probably responsible for the brown and white biofilm on the reactor inner wall
462(Fig. S4). On the other hand, at the beginning of the experiment (until day 15) the dominant

463fungus in the NI bioreactor was Fusarium oxysporum with presence of Rhodotorula sp. as
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464well. The laccase activity detected from day 16 onwards was likely produced by the
465Ascomycete Penicillium sp.

466

4670n the other hand, Trichoderma spp. were not found either VHW1 or VHW2. For VHW1-I,
468Candida sp., Exophiala equina and Scytalidium lignicola grew in the bioreactor whereas
469Exophiala oligosperma and also Fusarium sp, developed in VHW1-NI.

470

DNA DNA DNA
bdder IND I8 13 M3 18 N3 115 NI15 121 N2 pggec 124 N24 IF NF TV FI10 FI15 FIZ0 IF FNIF adder

471

472Figure 5. DGGE gel of ITS1F-ITS2 fungal fragments PCR amplified from samples of ROC
473experiment. Lanes legend: I: fungal inoculated reactor; NI: non-inoculated control reactor; In:
474inlet wastewater; numbers: experimental day of sampling; F (at the end): final time of
475operation (25 d); F (at the beginning): fungal pellet or biofilm sample of I and NI bioreactor
476respectively; TV: pure T. versicolor. Important bands for the discussion of results: F9:
477Fusarium oxysporum; F15: Trametes versicolor; F17: Trichoderma asperellum; F20 and F21:
478Penicillium sp. Closest relatives for the other bands can be found at Table S3.

479
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480Difficulties were encountered in the amplification of the ribosomal DNA of some bacterial
481communities, especially for the ROC samples, due to the lower amount of bacteria. Only an
482Enterobacter sp. and Clostridia were identified in ROC-NI, and Clostridia, y-proteobacteria
483(Enterobacteriales and Xanthomonadales) and some unidentified bacteria were found in
484ROC-I. In VHWI1, some Enterobacter sp. initially developed in both reactors (I and NI). The
485proteobacteria Luteibacter and Burkholderia also grew in VHW1-I, whereas in VHW1-NI,
486another Enterobacter replaced the previous one. In the feed water and in some isolated VHW
487reactor samples, some Clostridiales were present, but taking into account that Clostridia spp
488are anaerobic bacteria, they probably did not grow inside the bioreactors but their spores were
489present in the feed water. In the VHW?2 bioreactors, similar bacterial and fungal communities
490were found in I and NI. Many unclassified proteobacteria, Enterobacteriales sp.,
491Burkholderiales sp. and Verrucomicrobiales sp. were detected (Badia-Fabregat et al., 2015b).
492

4933.2.4. PCA and DCA analysis of PLFA and DGGE results

494PCA was performed for the PLFA results, and DCA was performed for the DGGE results. The
495PCA of the PLFA profiles showed that the microbial communities of the ROC and VHW
496systems were separated (Fig. 6A), but the DCA graph of the DGGE community profiles
497showed somewhat less separation (Fig. 6D). The different results are due to the two
498community profiling approaches highlighting different aspects: data in the PLFA analysis is a
499quantitative pattern of certain community-level changes of microbes, whereas DGGE data
500give a qualitative estimation of the presence or absence of microbial taxa in the sampled
501systems. Thus, the differences may be in the relative abundances of certain microbial groups
502rather than in the species-level composition of microorganisms.

503
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504In the DCA, total pellet samples from one side and influent and non-inoculated ROC samples
505(ROC-In/NI) from another side were separately grouped from the total samples (Fig. 6D), but
506systematic separation between the ROC and VHW samples was not observed. The differences
507in pellet samples are clearly due to the presence of only T. versicolor.

508

509For the comparison between VHW experiments (Fig. 6B and 6E), in the PCA graph (Fig 6B),
510only influent wastewater (In) was differentiated from the other samples. Three samples,
511VHW2-16, VHW1-123 and VHW1-130 were seen as outliers: VHW2-I6 due to its high
512bacterial concentration (high correlation with 17:0 bacterial phospholipid) at day 6, when T.
513versicolor was dying in the VHW?2 reactor. No clear grouping of samples from VHW2 was
514found when the N/C ratio was changed. In the DCA, separation between VHW1 and VHW2
515can be observed, indicating that the microbial taxa in the two treatments were mostly
516different. Therefore, there were fewer differences between VHW-I and VHW-NI than between
517VHW1 and VHW2.

518
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520Figure 6.Principal Component Analysis (PCA) of PLFA results:A) Total samples, B) VHW

521samples and C) ROC samples; and Detrended Correspondence Analysis (DCA) of DGGE

522results: D) Total samples, E) VHW samples and F) ROC samples.Samples can be grouped in:

523influent samples (In), samples from the effluent of the fungal inoculated (I) or the non-

524inoculated control (NI) bioreactors, or from whashed pellets of T. versicolor from inside the I

525reactor.

526

527In contrast to VHW, in the ROC systems (Fig. 6C and 6F), inoculation with T. versicolor

528caused clear separation between the In, NI and I samples. Specifically, the NI and I samples

529evolved differently at both the community and taxa level. Even when T. versicolor

530disappeared in ROC-I, the microbial communities were completely different in I and NI.
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531

532Environmental and operational parameters such as the pH, COD, conductivity, glucose
533concentration and addition rate, laccase activity, bacterial and fungal concentration, F/B ratio,
534T. versicolor concentration and day of operation, were also assessed for their relation with the
535sample distributions in all the analyses. However, low correlations were generally found.
5360nly in the DCA analysis of ROC, COD could explain the separation at axis 1, with an r* of
5370.47, and laccase activity could explain the separation at axis 2, with an r* of 0.35. Moreover,
538time is not an explanatory variable of the sample distribution.

539

5404. Discussion

5414.1. Evaluation of the bioreactor performance: PhACs degradation and monitoring
542parameters

543A clear effect of inoculation with T. versicolor on the degradation of PhAC was observed in
544the ROC and VHW?2 experiments. Notably, under non-sterile conditions in the continuously
545fungal-inoculated bioreactor, we achieved similar degradation percentages of global PhAC as
546in a sterile batch bioreactor (Badia-Fabregat et al., 2015a). Therefore, after proper
547optimisation of the process, fungal inoculation might be a suitable treatment for effluents with
548high concentrations of PhAC. However, it should be included only as a pre-treatment process
549because T. versicolor cannot remove wastewater COD, as already reported (Anastasi et al.,
5502012; Cruz-Morat6 et al., 2013a). Anastasi et al. (2012) showed that fungi and bacteria can
551work synergically in a two-step treatment, where fungi were used to degrade the most
552recalcitrant compounds (dyes) and activated sludge was used for the removal of COD from
553industrial wastewater.

554
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555The results of the analysis of laccase activity in the different treatments confirmed, as reported
556previously (Badia-Fabregat et al., 2015b), that the presence or absence of laccase is not
557directly correlated with the degradative activity of T. versicolor and therefore cannot be used
558as a parameter to monitor the survival of the inoculated fungus. Based on the present study,
559we can conclude that traditional methods to monitor inoculated fungi survival and activity,
560such as dry cell weight, laccase activity and visual aspect of the pellets, can only help in
561providing clues about bioreactor performance but cannot be a determinant factor of the
562operation performance evaluation. Complementary tools, such as molecular biology analysis,
563should be used in every experiment for a deeper understanding of the processes taking place
564until optimal conditions for the treatment of non-sterile effluents are achieved.

565

566In our work, the qPCR and PLFA analyses were in complete agreement. Thus, a reduced
567number of analyses might be sufficient because both are suitable for the monitoring some
568parameters (i.e., total fungi) of the bioreactors.

569

5704.2. Microbial competition with the inoculated fungus

571Competition of the inoculated fungus with other microorganisms is one of the major
572drawbacks encountered when working with fungal bioreactors at conditions similar to real
573applications. It is difficult to find the balance between nutrient addition and growth
574suppression of indigenous microorganisms. So far, the discussion of microbial competition
575has mainly focused on bacterial growth because bacteria generally grow faster than fungi.
576However, the present work demonstrates that fungi other than the inoculated fungi can
577successfully compete. In our experiments, Trichoderma asperellum overtook T. versicolor
578between days 15 and 20 in the ROC bioreactor. In a previous VHW batch bioreactor treatment

579(Badia-Fabregat et al., 2015b), Trichoderma sp. was also found among other fungi, eventually
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580overcoming T. versicolor. However, in the present study, Trichoderma spp. were not found
581either VHW1 or VHW2.

582

583Trichoderma spp. are filamentous soil fungi used as wood decaying inhibitors (Freitag and
584Morrell, 1992) and as a biocontrol of several plant pathogens (Fernandes Qualhato et al.,
5852013). T. asperellum and T. harzianum are the most effective antagonists of pathogens in agar
586plate studies through nutrient competition or direct mycoparasitism with antifungal
587metabolites or cell-wall degrading enzymes (Fernandes Qualhato et al., 2013). It has been
588reported that T. harzianum consumes glucose at a higher rate than T. versicolor (Freitag and
589Morrell, 1992), which gives it a clear competitive advantage in the bioreactor. However,
590Trichoderma spp. are more competitive against brown-rot fungi than against white-rot fungi
591(Bruce and Highley, 1991) as overgrowth occurred without lysis of the latter (Baldrian, 2004;
592Bruce and Highley, 1991; Freitag and Morrell, 1992), which is considered the main factor for
593efficient biological control (Fernandes Qualhato et al., 2013). Nonetheless, there is huge
594interspecies and interstrain variability in the level of antagonism of Trichoderma spp. (Bruce
595and Highley, 1991; Fernandes Qualhato et al., 2013) and although the mechanism of
596antagonism of T. asperellum remains unclear in the present study, it is evident that it was able
597to outcompete and grow on the T. versicolor pellets. In a study of Lu et al. (2009),
598Trichoderma spp. became the dominant species, together with Candida spp., in a microbial
599consortia biofilm reactor. Moreover, Trichoderma asperellum was probably responsible for
600the green colour of the biofilm in the bioreactor (Fig. S4).

601

602Exophiala spp. were probably the cause of the black colour in the VHW1 bioreactors on the
603final days of operation (Fig. S3). Although the visual appearence was the worst, the effect was

604not as severe as that of Trichoderma asperellum in the ROC-I treatment. Exophiala spp.
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605belong to the so-called black yeasts, which cause superficial mycoses in humans. However,
606the potential biological hazard of dark biofilms in domestic water taps was regarded as low
607because the majority of the species were only opportunistic pathogens in
608immunocompromised humans (Heinrichs et al., 2013). In a study of Isola et al. (2013), some
609Exophiala spp., e.g., E. oligosperma, produce positive toluene degradation tests, while E.
610equina did not. For VHW?2, the fungi detected in the I and NI bioreactors were similar, mainly
611Candida spp. and Fusarium spp. (Badia-Fabregat et al., 2015b), indicating that T. versicolor
612did not have a major influence on the indigenous fungal community of the wastewater.

613

614Fusarium spp. were very ubiquitous as they developed in 4 of the 6 bioreactors. The lack of
615Fusarium spp. in the ROC-I and VHW1-I reactors could be explained by the previously
616reported antagonistic behaviour (Ruiz-Duefias and Martinez, 1996). However, under the
617presence of T. versicolor, Fusarium spp. were found in VHW2-I and in the fungal batch
618treatment of VHW (Badia-Fabregat et al., 2015b). Therefore, the suggested antagonism may
619be weak or species-specific. Candida spp. were present in 3 out of the 4 VHW bioreactors.
620Candida spp. were one of the main genera in urban WWTP, together with Rhodotorula spp.,
621Trichosporon spp. and 5 other unidentified genera (Yang et al., 2011). Higher diversity was
622generally found in the samples during the final days of treatment, probably due to the much
623higher HRT than conventional growth rates, which allows proliferation of many types of
624microorganisms.

625

626Regarding the bacterial community, mainly Enterobacteriales sp. and Burkholderia sp. were
627detected in the bioreactors. Enterobacteriales sp., which are common in urban wastewater,
628were present in each bioreactor, independently of the wastewater origin and whether it was

629inoculated by T. versicolor. Moreover, Enterobacteriales sp. could be responsible for the pink
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630colour of the biofilm in ROC-I (Fig. S4) (Deorukhkar et al., 2007). Burkholderia spp. were
631present in 3 of the 4 VHW bioreactors and in the batch bioreactor (Badia-Fabregat et al.,
6322015b). Burkholderia are [-proteobacteria, which are a major population in environmental
633samples and aerobic MBRs and RO systems (Ayache et al., 2013). Thus, bacteria from those
634genera were probably responsible for the lysis of T. versicolor in VHW2-I around day 6
635(Badia-Fabregat et al., 2015b).

636

6374.3. Control of indigenous microbial growth

638The effect of the C/N ratio on fungal and bacterial populations is controversial because some
639studies reported no correlation (Wymore et al., 2013), whereas other studies found that N
640stimulated fungal growth and decreased bacterial growth (Rousk and Baath, 2007). Zhang and
641Geissen (2012) found that the addition of glucose was not sufficient to recover Phanerochaete
642chrysosporium activity after fungal lysis, and carbamazepine degradation was achieved only
643after N addition. In our experiments, we found a recovery of T. versicolor, an increase in the
644F/B ratio and a subsequent increase in the PhAC degradation percentage in VHW?2-I when the
645C/N ratio of the added nutrients was decreased. Nevertheless, further experiments altering the
646C/N ratio should be performed to confirm the fungal-favouring conditions.

647

6480n the other hand, we found that some degradation of micropollutants can be achieved by the
649indigenous fungi in conditions favouring fungi instead of bacteria. For instance, in the control
650reactor of the ROC treatment (ROC-NI), a Penicillium sp. with laccase activity was detected
651when PhAC removal reached 38%. Penicillium spp. are known for their ability to degrade
652some PAHs and for the production of extracellular enzymes, such as laccases (Rodriguez et
653al., 1996). Trichoderma spp. and Fusarium spp. also degrade organic pollutants (Cobas et al.,

6542013; Machin-Ramirez et al.,, 2010; Rafin et al.,, 2000). Thus, the degradation of PhAC
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655achieved in ROC-NI and ROC-I at HRT 2 d (when T. versicolor was not active) might be
656assigned to those three fungi.

657

658Based on the PLFA results, the concentration of microorganisms in the wastewater feed
659determines their concentration inside the bioreactor throughout treatment. Even so, the total
660concentration of microorganisms is largely independent of T. versicolor survival, which was
661overtaken in the bioreactor with a lower microbial load (ROC). Thus, the key factor to address
662is not the total quantity but the specific microorganisms developed in each treatment. In the
663same line, DCA and PCA statistical analysis showed that the feed water and/or the different
664operational conditions applied to each experiment were more important to the community that
665developed in the bioreactors than inoculation with the fungus (i.e., inoculation of T. versicolor
666did not strongly affect the development of microbial communities). Yang et al. (2011) also
667found that the different origin of wastewater was determinant for the development of yeasts in
668biological treatments.

669

6705. Conclusions

671The present work demonstrates the importance of monitoring the microbial community
672growing in non-sterile fungal reactors. The bacteria and fungi that developed inside the
673bioreactors were quantified and identified, indicating that the failure of some fungal-assisted
674wastewater treatment processes might be due to the competition exerted by indigenous fungi
675rather than bacteria, in contrast to the results reported in the literature. The high correlation
676found between the qPCR and PLFA results demonstrates the suitability of both methods for
677the monitoring the total bacteria and fungi in that type of treatment. Further experiments, i.e.,

678at different nutrient (C/N) ratios and including molecular tools to identify the microbial
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679community, are needed to fully understand the behaviour of the inoculated fungus and to
680optimise the operational conditions.

681
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