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Research Article

Evaluation of the applicability of the aquatic
ascomycete Phoma sp. UHH 5-1-03 for the
removal of pharmaceutically active
compounds from municipal wastewaters
using membrane bioreactors

Membrane bioreactors (MBRs) augmented with terrestrial white-rot basidiomycetes
have already been tested for the removal of pharmaceutically active compounds
(PhACs) from wastewaters. Within the present study, an aquatic ascomycete
(Phoma sp.) was initially demonstrated to efficiently remove several PhACs at their
real environmental trace concentrations from nonsterile municipal wastewater on
a laboratory scale. Then, a pilot MBR was bioaugmented with Phoma sp. and suc-
cessively operated in two configurations (first treating full-scale MBR effluent as a
posttreatment, and then treating raw municipal wastewater). Treatment of influent
wastewater by the Phoma-bioaugmented pilot MBR was more efficient than influ-
ent treatment by a concomitantly operated full-scale MBR lacking Phoma sp and
posttreatment of full-scale MBR permeate using the pilot MBR. A stable removal
of the PhACs carbamazepine (CBZ) and diclofenac (DF) (39 and 34% on average,
respectively) could be achieved throughout the pilot MBR influent treatment period
of 51 days, without the need for additional nutrient supplementation (full-scale
MBR: on average, 15% DF but no CBZ removed during 108 days). The long-term
presence of Phoma sp. in the pilot MBR could be demonstrated using fluorescence in
situ hybridization analysis, but still open questions regarding its long-term activity
maintenance remain to be answered.
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1 Introduction

Pharmaceutically active compounds (PhACs) comprise a wide
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range of synthetic compounds, and have been detected in
secondary treated effluents, surface water bodies, and even
in drinking water [1]. PhACs may occur in wastewater treat-
ment plant (WWTP) effluents due to only little or sometimes
missing sorption onto activated sludge, and/or due to their
biodegradation that is too slow to become effective within
the time frames defined by the hydraulic residence times
(HRT) of WWTPs [2]. Conventional activated sludge processes
were originally not specifically designed to remove PhACs,
and the efficiency of PhAC removal by activated sludge can
vary significantly [3]. Carbamazepine (CBZ) and diclofenac
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(DF) represent prominent examples of very frequently detected
PhACs in wastewaters. Increased concentrations of these com-
pounds and other PhACs observed during the passage through
WWTPs have been attributed to their release from the related
conjugates [2,4-6].

Different approaches currently target the biological removal
of PhACs. Enzymatic membrane reactors tackle PhAC degra-
dation but suffer from a gradual loss of enzymatic activity due
to various physical, chemical, and biological inhibitors in waste-
water [7], thus necessitating periodical renewal of the enzyme(s).
By contrast, whole-cell reactors may provide the advantage of
a continuous enzyme production and thus maintain sufficient
levels of active enzymes [7]. Membrane bioreactors (MBRs) and
other bioreactor types augmented with terrestrial wood-rotting
(white-rot) fungi have been tested with respect to the efficient re-
moval of contaminating PhACs and other micropollutants—e.g.
endocrine disrupting chemicals (EDCs) and further compounds
used in daily life—from waters mostly on a laboratory and thus
far only rarely on a pilot scale [8—10]. For instance, an effective
elimination of carbamazepine (CBZ) of about 60-80% under
nonsterile conditions could be achieved with a lab-scale plate
bioreactor containing a white-rot fungus grown on polyether
foam in synthetic medium, and a high CBZ elimination was
also achieved in real WWTP effluent [5]. For a MBR based on
a mixed culture of bacteria and white-rot fungi, a moderate re-
moval of CBZ and DF (20 and 40%, respectively) from synthetic
wastewater has been reported [7]. Removal of DF (by more than
90%) and CBZ (in the range of 50-80%) from nonsterile hospi-
tal wastewater, upon application of T. versicolor in a continuous
fluidized bed bioreactor coupled to a coagulation-flocculation
pretreatment step, has also been described [11].

Phoma s a genus of common coelomycetous fungi belonging
to the phylum Ascomycota. Ascomycetes are the predominant
fungal group in aquatic habitats [12]. Potentially, fungi that have
adapted to the living conditions of aquatic ecosystems could
be more suitable for wastewater treatment purposes than fungi
dwelling in terrestrial habitats [13]. The ascomycetous river iso-
late Phoma sp. strain UHH 5-1-03 (DSM 22425) has previously
been demonstrated to efficiently attack numerous environmen-
tal pollutants such as PhACs, EDCs, and synthetic dyes in lab-
scale experiments [14—16]. Moreover, this fungus possesses a
considerable metabolic robustness toward potentially inhibit-
ing organic and inorganic water contaminants, and also with
respect to its pH range of activity [16]. These characteristics
render Phoma sp. particularly suitable for wastewater treatment
applications. This fungus produces an extracellular oxidoreduc-
tase (laccase) previously demonstrated to be active and stable
also at neutral to slightly alkaline pHs [14], which are typical
for municipal wastewaters. So far, extracellular peroxidases have
not been found in Phoma sp. [14]. Extracellular laccase is in-
volved in the biotransformation of a range of PhACs and EDCs
by Phoma sp., along with cell-associated (very likely cytochrome
P450) enzyme systems [15]. Phoma sp. has already been success-
fully employed for the treatment of a synthetic dye-contaminated
model wastewater mimicking textile dyeing industry effluents,
using a 10-L airlift bioreactor under nonsterile conditions [16].
However, its application for the removal of environmental
trace concentrations of PhACs from nonsterile real municipal
waste-waters has not been reported before. Moreover, we are not
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aware of studies describing the application of fungi, other than
white-rot basidiomycetes, for this purpose.

In general, the present study aimed to test and evaluate the
applicability of Phoma sp. for the removal of the PhAC rep-
resentatives DF and CBZ from nonsterile wastewater using a
pilot MBR, which was implemented in a WWTP operated at
full scale. More precisely, the targeted objectives were (1) to ini-
tially verify the fungal capability to act on PhACs and further
micropollutants present in a municipal wastewater matrix, us-
ing lab-scale experiments; and (2) to evaluate whether and to
which extent, the target micropollutants DF and CBZ could be
removed at their environmentally relevant trace concentrations
by Phoma-augmented pilot-scale activated sludge MBR systems
over extended time periods, hereby testing whether Phoma sp.
would remain effective under the nonoptimal conditions of an
activated sludge environment.

2 Materials and methods
2.1 Fungal strain

The origin, identification, and maintenance of Phoma sp. strain
UHH 5-1-03 (available as Phoma sp. DSM 22425 from the Ger-
man Culture Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) has been previously reported [13].

2.2 Micropollutant degradation experiments
employing Phoma sp. in municipal wastewater
on a laboratory scale

Fungal precultures were established in 300 mL flasks containing
100 mL of a 2% w/v malt extract medium (pH 5.7) [15]. A part of
these cultures was additionally supplemented with 50 uM CuSO,
and 1 mM vanillic acid to stimulate laccase production [14,17].
The flasks were inoculated with 2.0 mL of a mycelial suspension
prepared as previously described [17], and then incubated on
a rotary shaker (Infors HT, Infors, Bottmingen, Switzerland) at
14°C and at 120 rpm in the dark [15]. After 8 days of incubation,
fungal biomass was harvested by sterile filtration using What-
man no. 1 paper filters (GE Healthcare, Freiburg, Germany),
washed with 100 mL sterile distilled water, and transferred to new
300 mL flasks for degradation experiments. These flasks also con-
tained 100 mL of raw influent wastewater (pH 7.5) previously
collected at the full-scale WWTP of Schilde (Schilde, Belgium).
The wastewater was filtered using Whatman glass microfiber
filters (0.45 pm pore size) prior to application in degradation
experiments, in order to remove particles and for hygienic rea-
sons. Amounts of micropollutants as detected at the beginning
of the degradation experiments are shown in Supporting Infor-
mation Table S1. The following batch tests were performed in
order to study micropollutant degradation: batch experiments
employing active Phoma sp. with stimulated laccase production
(see above) (B1); batch experiments containing active Phoma
sp. without stimulated laccase production (B2); batch (control)
experiments employing Phoma sp. together with 1 g/L NaNj,
in order to inactivate any biological degradation mechanism
(B3); and batch experiments in the absence of Phoma sp. that
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were not inactivated with NaN; (B4). Flasks containing different
wastewater treatment variants were incubated on a rotary shaker
(Infors) at 120 rpm and 25°C in the dark. Experiments were con-
sistently performed in triplicate. An increase in the pH values
above 8.0 was observed after 8 days of incubation and therefore
the pH was adjusted to 6.0 throughout this time. The flasks were
harvested and analysed for PhACs and further micropollutants,
as described in the Supporting Information at the time points
indicated in the text.

2.3 Bioreactor set-up and pilot scale trials

Bioreactor experiments were performed at the full-scale Schilde
WWTP (Schilde, Belgium), which is operated by Aquafin NV and
treats 5500 m?/day of municipal wastewater. The Schilde WWTP
consists of an anoxic tank, an aerobic tank and a MBR unit
equipped with hollow fiber membranes. Fine bubble aeration in
the aerobic tank is provided through diffusers and controlled via
a fixed dissolved oxygen set-point.

Two consecutive bioaugmentation experiments with Phoma
sp. were performed using a pilot MBR (Fig. 1), which consisted of
two separated biological compartments (i.e. anoxic and aerobic),
and had a total volume of 1000 L. A submerged membrane
was placed into the aerobic compartment, and air scouring was
applied at 1.8 Nm?/h to prevent clogging of the membranes. Fine
bubble aeration was provided through plate diffusers, and the
pH was controlled by automatic dosing of concentrated NaOH
and HCl solutions. In addition, internal temperature control was
applied to the reactor.

Biomass of Phoma sp. for pilot MBR bioaugmentation was
produced under sterile conditions by inoculating 3 L of 2%
malt extract broth (pH 5.4; Biolife, Milano, Italy) in 5 L Pyrex
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flasks with 50 Phoma-containing agar cubes (edge length about
5 mm), which were derived from 10 days-old Phoma sp. cultures
pregrown on agar plates (35.6 g/L malt extract agar; Biolife) at
25°C. The flasks were incubated at 25°C under agitation (mag-
netic stirring at 250 rpm) for 2 days, followed by an increased
stirring rate of 400 rpm for another 2 days. After harvesting
and a total cultivation time of 4 days, culture suspensions were
added to the pilot MBR to yield the Phoma sp. biomass amounts
specified in Table 1.

At first, the Phoma-augmented pilot MBR was used to treat
a full-scale MBR effluent in a posttreatment regime (first exper-
iment) (Fig. 1). The MBR was operated in posttreatment mode
from the Ist of April to the 27th of May 2013, and bioaugmenta-
tion with Phoma sp. was carried out on the 24th of April 2013. A
single dose of 50 uM CuSO, and 1 mM vanillic acid (final con-
centrations in the pilot MBR, respectively) to stimulate laccase
production [14,17] was added right after bioaugmentation. Fur-
ther operational parameters are specified in Table 1, along with
those of the full-scale MBR process. The HRT, temperature and
pH values chosen for the pilot MBR operations, which differed
from the corresponding parameters of the full-scale MBR, were
inspired by previously established knowledge of activity ranges
and degradation abilities of Phoma sp. [15-18] and intended to
support the successful establishment of the fungus. A rationale
for the chosen amounts of fungal inoculum (Table 1) is given in
the results and discussion section. Due to a comparatively low or-
ganic carbon load of the full-scale MBR permeate, as could be de-
duced from the corresponding chemical oxygen demand (COD)
and mixed liquor suspended solids (MLSS) values (Table 1),
sterile liquid malt extract medium (see above) was added until a
load of 0.05 kg biological oxygen demand (BOD)/kg MLSS/day
was reached and was intended to nourish Phoma sp. in the pilot
MBR when operated in posttreatment regime.

1
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Table 1. Operational parameters for the full-scale and pilot MBRs

Eng. Life Sci. 2018, 18, 510-519

Parameter Full-scale MBR Pilot MBR

Posttreatment Influent treatment
Inflow® (m3/h) 220 + 10 0.037 £ 0.005 0.045 =+ 0.005
Chemical oxygen demand (COD) (mg/L)¥ 196 + 55 2248 196 + 55
Mixed liquor suspended solids (MLSS) (g/L) 9.75 +0.75 0.754+0.3 3.1£09
Total reactor volume (m?) 1200 1 1
Anoxic to aerobic volume ratio (L/L) 500/650 550/450 550/450
Membrane Type GE ZW 500 GE ZW 10 GE ZW 10
Membrane surface (m?) 10 000 2 2
Membrane pore size (um) 0.04 0.04 0.04
Recirculation: influent flow ratio 6:1 6:1 6:1
T (°C) 8-19 22.6+£1.9 229+ 1.4
pH? 79404 55405 55405
Bioaugmented Phorma sp. biomass (% of MLSS) 0 43 1
Hydraulic retention time (HRT) (h) 7 27 22

¥Mean =+ standard deviation over the time period of operation indicated in Fig. 4.

®)On a dry weight basis.

Thereafter, the pilot MBR was applied to treat raw municipal
influent wastewater in a secondary treatment regime (second
experiment) from the 27th of May to the 17th of July 2013. A
second bioaugmentation with Phoma sp. was carried out at the
beginning of this second experiment (27th May 2013). A single
dose of 50 uM CuSO, and 1 mM vanillic acid (final concentra-
tions in the pilot MBR, respectively) to stimulate laccase pro-
duction [14,17] was again added immediately following bioaug-
mentation, as described for the first experiment above. Further
operational parameters are specified in Table 1. Due to higher
COD and MLSS values of the influent wastewater compared to
the full-scale effluent (Table 1), Phoma sp. was not additionally
supplemented with malt extract during influent treatment.

During MBR operation, grab samples were taken on a regular
basis and analyzed for NH4-N, NO,-N, NO;-N, COD, and MLSS
according to [19]. Target pollutant (DF and CBZ) analysis is
described below. The MBRs were further equipped with on-
line dissolved oxygen, nitrate (effluent), pH, and temperature
Sensors.

2.4 DF and CBZ analysis in the water phases of MBR
samples

Influent and effluent samples of the full-scale and pilot MBRs
were collected by flow composite automatic samplers in glass
containers. All samples were stored at —20°C.

For DF analysis, aqueous samples were filtered through
0.45 um Whatman glass microfiber filters and then adjusted
to pH 2.8 using 3.5 mM sulfuric acid. DF-d4 was added as
a surrogate standard. The samples (50 mL) were enriched on
prepacked Oasis MCX SPE cartridges (60 mg; Waters, Baden-
Dittwil, Switzerland). The cartridges were preconditioned with
2mL n-heptane, 2 mL acetone, 3 x 2 mL methanoland 4 x 2 mL
noncarbonated mineral water (pH 2.8). After extraction, car-
tridges were dried under a gentle nitrogen stream for 1 h. The
dry cartridges were eluted with 4 mL acetone, and eluents were

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

concentrated to 100 uL with a gentle nitrogen stream. After the
addition of 300 uL methanol, eluents were again concentrated
to 100 uL under a nitrogen stream. Finally, eluents were diluted
with methanol to 1 mL for analysis.

For CBZ analysis, aqueous samples were filtered through
0.45 m Whatman glass microfiber filters and then adjusted
to pH 7.5. CBZ-C13 was added as a surrogate standard. Sam-
ples (500 uL) were enriched on prepacked Oasis HLB cartridges
(200 mg; Waters). The cartridges were preconditioned using
2mL n-heptane, 2 mL acetone, 3 x 2 mL methanol,and 4 x 2 mL
noncarbonated mineral water (pH 7.5). After extraction, the car-
tridges were dried under a gentle nitrogen stream for 1 h. The
dry cartridges were eluted using 2 x 4 mL methanol. The eluents
were dried under a gentle nitrogen stream, and resuspended in
1 mL acetonitrile for analysis.

DF and CBZ were analyzed using an Agilent 1260 infinity
series HPLC coupled to a single-quadrupole Agilent 6120 mass-
sensitive detector system (Agilent Technologies, Basel, Switzer-
land). Compounds in samples were separated on an Agilent
Eclipse C8 column (50 x 3 mm id, 1.8 yum particle size), using
the eluents A (95% acetonitrile and 5% H,0O) and B (5% ace-
tonitrile and 0.02% formic acid in H,O) at a flow of 400 pL/min.
For DF analysis, the linear gradient was programmed as follows:
0—1 min 50% A, 35 min 90% A, and after 5.1 min 50% A. For
CBZ analysis, the linear gradient was programmed as follows:
0-1 min 10% A, after 15 min 60% A, 17-19 min 90% A, and
after 20 min 10% A.

ESI was applied to ionize the target compounds. The negative
ionization mode was applied for the acidic DF and the posi-
tive ionization mode was used for the neutral CBZ. A SIM was
employed to acquire the respective target ions. External stan-
dards were prepared at different concentrations in blank matrix
(mineral water), and extracted with SPE using the procedures
described earlier for wastewater samples. Equal amounts of sur-
rogate standards (DF-d4, CBZ-C13) were added to both exter-
nal standards and wastewater samples, which were applied to
correct compound quantifications for possible matrix effects,
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preparation errors, and variations in the detection sensitivity.
The relative recoveries of DF and CBZ in the wastewater samples
were determined to be 106 and 99%, respectively.

2.5 DF and CBZ analysis in the solid phases of MBR
samples

Solid sludge fractions were obtained by filtration of grab sludge
water samples through 1.5 pum glass-fibre filters (T] Environ-
mental, Hilversum, The Netherlands) (samples had been stored
at —20°C prior to filtration). The obtained solid fractions were
directly spiked by means of appropriate surrogate standards (iso-
proturon dé6/tribromophenol/fenacetine), and successively ex-
tracted with 5 mL acetonitrile and 5 mL methanol (for 30 min,
respectively; using a shaker at 160 rpm) at room temperature.
Thereafter, the sludge samples were centrifuged at 1840 x g for
5 min. The obtained supernatants were combined and evapo-
rated close to dryness under a gentle nitrogen stream, and the
residue was subsequently dissolved in 1 mL methanol.

An HPLC-MS/MS instrument consisting of an Agilent
1260 infinity series HPLC coupled to an Agilent 6430 triple
quadrupole LC-MS system (Agilent Technologies, Amstelveen,
The Netherlands) was used for the analysis of the methanol ex-
tracts. Compounds in samples were separated on an Atlantis T3
column (100 x 4.6 mm id, 3 um particle size; Waters, Etten-Leur,
The Netherlands), using the eluents A (0.3 g/L ammoniumfor-
mate in 95: 5 Milli-Q water: methanol) and B (methanol) at a
flow of 500 pL/min. The linear gradient was programmed as
follows: start 100% A, after 5 min 60% A, after 10 min 30% A,
20-30 min 0% A, and from 30.5-34 min 100% A. The column
oven was set at 40°C, and 10 uL of the sample extract were
injected.

The mass spectrometer was operated in a positive and negative
ionization mode, using an ESI source. The ion with the high-
est intensity was used for SRM and quantification in MS/MS
mode. Product identification was based on retention times of
the analytes and on MS/MS detection. Blank and quality control
samples were analyzed to check the analytical equipment. The
blank background noise was less than 30% of the quantification
limit. Analyte recoveries in quality control samples were in the
range of 80-120%.

2.6 Detection and quantification of Phoma sp. and
bacteria using fluorescence in situ hybridization
(FISH)

Biomass-containing samples were fixed by adding equal volumes
of pure ethanol (>99.9%) in 15 mL vials, and stored at —20°C
until analysis.

The presence of Phoma sp. UHH 5-1-03 was quantified us-
ing the commercial FISH kit VIT® Phoma sp. kit (Vermicon,
Munich, Germany). Probe design based on 26S rDNA and in-
silico specificity testing were carried out by using the software
package ARB [20]. A special approach was developed for the
quantification of viable Phomahyphae by FISH techniques. After
specific FISH labeling using the above-mentioned kit, a micro-
scopic analysis was carried out (Fig. 2). Per microscopic view,
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Figure 2. Image of viable Phoma sp. hyphae using FISH staining.

100 square areas were assigned. These square areas served as a
basis for the frequency determination of Phoma sp., with a per-
centage of 1% corresponding to a presence of Phoma hyphae in
only one out of 100 square areas. This frequency determination
procedure was repeated 20 times, hereby yielding the reported
mean values of the viable Phoma hyphae.

Quantitative bacterial FISH of whole fixed cells [21] was car-
ried out using probe mix EUB [22] and DAPI (4',6-diamidino-
2-phenylindole) DNA staining for total cell counts.

2.7 Determination of laccase activity

In laboratory scale batch degradation tests, laccase activity was
routinely determined following the oxidation of 2 mM ABTS in
0.1 M citrate-phosphate buffer (pH 4.0) at 420 nm, as previously
described [15]. The activities are expressed in international units
(U), where 1 U is defined as the amount of laccase capable of
oxidising 1 pmol ABTS per minute.

3 Results and Discussion

3.1 Micropollutant removal by Phoma sp. in
municipal wastewater on a laboratory scale

Batch degradation experiments were performed in order to as-
sess the removal of micropollutants by Phoma sp., thereby veri-
fying the activity of the fungus toward target pollutants at their
environmentally relevant trace concentrations, and previously
reported removal mechanisms involved [15]. Time courses of
relative concentrations (initial = 100%; please refer to Sup-
porting Information Table S1 for the corresponding absolute
value) of DF, which is known to be directly oxidized by lac-
case [15,23,24], in batch tests employing active Phoma sp.
with stimulated laccase production and in experiments con-
taining the active fungus without stimulated laccase production
are depicted in Fig. 3A. The corresponding extracellular laccase
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Figure 3. (A) Relative DF concentrations (% of initial) and (B)
extracellular laccase activities in batch tests employing active
Phoma sp. with stimulated laccase production (squares) and ac-
tive Phoma sp. without stimulated laccase production (diamonds)
in wastewater. Symbols represent means =+ standard deviations
from triplicate experiments.

activities are shown in Fig. 3B. The initially clearly higher lac-
case activities in experiments with stimulated laccase production
well correlate with an initially higher DF removal rate observed
in these tests, as compared to experiments without stimulated
laccase production. These results indicate that laccase along with
cell-associated enzymes have contributed to the fungal DF re-
moval from wastewater, thereby corroborating previous results
obtained with Phoma sp. using artificial media [15]. Application
of a simple exponential decay model without offset to the data
shown in Fig. 3A yielded an about 1.8-fold higher initial DF re-
moval rate for experiments applying Phoma sp. with stimulated
laccase production compared to those employing the fungus
without laccase stimulation (data not shown). A resulting crude
estimate not considering DF concentration effects on enzyme
kinetics, compound uptake, and potential sorption as a removal
mechanism (see below) suggests that laccase and cell-associated
enzymes accounted for approximately 44 and 56% of the initial
removal rate of the compound, respectively. Increasing laccase
activities in experiments without stimulation of laccase produc-
tion at later stages of the experiment (i.e. at 9 and 13 days of
incubation; Fig. 3B) could be attributed to laccase expression

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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triggered by increasing nutrient depletion in the batch tests over
time, as is known for laccases [25]. DF completely disappeared
in experiments with active Phoma sp. after 13 days of incubation,
irrespective of whether laccase was stimulated or not (Fig. 3A).
At the same time, remaining DF amounts of about 88 and 100%
of its initial concentration were observed in NaNj-inactivated
control batch tests containing Phoma sp. (any biodegradation
impeded) and in noninactivated experiments omitting the fun-
gus, respectively. These results demonstrate that Phoma sp. does
not exhibit a striking sorption capability toward DF, and that
aerobic wastewater conditions alone (i.e. in the absence of active
Phoma sp. or activated sludge) are not sufficient for DF removal.
They are further in line with previous work reporting a negli-
gible biosorption of DF onto mycelia of Phoma sp. [15] and a
typically only poor removal of the compound in conventional
WWTPs [26].

Relative wastewater concentrations (% of the initial amounts
shown in Supporting Information Table S1) of further detected
PhACs (CBZ, ketoprofen, naproxen, ibuprofen, ciprofloxacin)
and other micropollutants (caffeine and the artificial sweet-
ener acesulfame) after lab scale treatment of wastewater with
Phoma sp. are shown in Supporting Information Fig. S1. These
compounds are known to be insusceptible to direct laccase ox-
idation, and thus cell-associated enzymes have to primarily be
considered to be responsible for their fungal biotransformation
[15,23,24,27]. In experiments employing active fungal cultures,
CBZ was removed below the detection limit already within two
days regardless of laccase stimulation (Supporting Information
Fig.S1). By contrast, it was not at all removed in experiments with
inactivated Phoma sp. as well as in the absence of fungal mycelia;
indicating insignificant biosorption and a high persistence of the
compound, as previously described [15,26]. Fungal degradation
of further PhACs and caffeine (but not acesulfame) is suggested
by the results obtained with active fungal cultures (Supporting
Information Fig. S1), and has also partly been described in the
past for other fungal systems [8]. A higher removal rate observed
for ketoprofen in the presence of active Phoma sp. with stim-
ulated laccase production compared to fungal cultures without
laccase stimulation could be attributed to spontaneous follow-up
reactions between DF radicals formed by laccase and not directly
by laccase-oxidizable ketoprofen. Such effects have been previ-
ously described for other micropollutants [18]. The results from
experiments with inactivated fungal mycelia indicate biosorp-
tion of naproxen, ibuprofen, ciprofloxacin, caffeine, and acesul-
fame to varying extents (Supporting Information Fig. S1). The
respective removals of naproxen, ibuprofen, and ciprofloxacin
observed in the nonsterile batch tests without Phoma sp. suggest
the development of degradative microbial communities in the
course of the experiment, which could arise from those microbes
not removed during initial wastewater filtration (please also re-
fer to Subsection 2.2 of the materials and methods). Overall,
the observed biodegradation/-transformation and biosorption
patterns of the investigated PhACs and other micropollutants
(Supporting Information Fig. S1) qualitatively essentially fol-
low those of typical WWTPs [26]. A ketoprofen concentration
remarkably exceeding the initial value, which was observed in
experiments omitting the fungus after 20 days (Supporting In-
formation Fig. S1), could be attributed to a release from the
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Figure 4. (A) DF and (B) CBZ concentrations in the full-scale
MBR influent, full-scale MBR effluent, and pilot-scale MBR efflu-
ent during the time course of the experiment. The time periods
corresponding to the use of the pilot MBR for the treatment of
full-scale MBR effluent in a posttreatment regime (posttreatment),
and the use of the MBR for the treatment of raw municipal influent
wastewater in a secondary treatment regime (influent treatment)
are labeled. Time points of bioaugmentation of the pilot MBR with
Phoma sp. are indicated by the blue arrows.

corresponding conjugates contained in the wastewater used for
experiments [2].

3.2 Removal of CBZ and DF in the full-scale MBR

In the period from the 1st of April 2013 to the 17th of July 2013,
CBZ and DF were analyzed at the full-scale MBR (Fig. 4). The in-
fluent and effluent DF concentrations as averaged over time were
1163 £ 459 and 989 + 255 ng/L, respectively; corresponding to
an average DF removal of 15% (Fig. 4A). These results are in
good agreement with typical DF removal rates reported for con-
ventional WWTPs, with biodegradation representing the clearly
dominating removal mechanism of this compound (about 80%
DF biodegradation compared to around 20% DF removed by
sorption; [26]). The influent and effluent concentrations of CBZ
averaged over time amounted to 569 & 345 and 691 + 570 ng/L,
respectively. Thus, no significant removal of CBZ was observed
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during the sampling campaign (Fig. 4B), in accordance with
the widely reported very poor removal of this compound in
WWTPs [26] and its observed persistence in laboratory scale
batch experiments employing municipal wastewater in the ab-
sence of Phoma sp. (Supporting Information Fig. S1). Partly
higher CBZ concentrations in the effluent than in the influent of
the pilot MBR (of up to 2641 ng/L; not visible in Fig. 4B) may
point to a conversion of CBZ glucuronides and other conjugated
metabolites back to parent CBZ by enzymatic processes taking
place in the treatment plant [2,5,6].

3.3 Removal of CBZ and DF in the pilot MBR treating
full-scale MBR permeate

The pilot MBR was operated in a posttreatment regime for the
treatment of full-scale MBR effluent from the 1st of April 2013
to the 27th of May 2013 (Fig. 4). The following points were
considered to favor the survival and activity of Phoma sp. after
bioaugmentation: First, the number of potentially competing
microorganisms in the MBR permeate should be rather low
[28]. Second, the COD in the permeate was about one order of
magnitude lower than that of raw influent water (Table 1) and
consisted mainly of recalcitrant soluble microbial products [29].
Therefore, a comparatively high amount of inoculum (Table 1)
was used for the bioaugmentation of the MBR with Phoma sp. on
the 24th of April 2013 (Fig. 4), and malt extract was dosed daily
according to the load specified in Subsection 2.3 of the materials
and methods.

During the operational period, 22 4+ 8 mg COD/L and 0.2 +
0.1 mg NH,-N/L were recorded in the pilot MBR inflow. The
MLSS concentration in the pilot MBR inflow rose from 0.15 g
MLSS/L to 0.53 g MLSS/L.

The DF concentration in the pilot MBR effluent was initially
(26th of April 2013) rather high, and dropped massively there-
after (Fig. 4A). Starting from the 6th of May 2013, a net DF re-
moval became established in the pilot MBR (i.e. the pilot effluent
DF concentrations were lower than the full-scale MBR effluent
DF concentrations feeding the pilot MBR) and was maintained
until the end of the operational period (on average, correspond-
ing to an approx. 22% DF removal).

At the beginning of April 2013, the CBZ concentrations
in the pilot effluent were lower than in the pilot influent.
By diluting the reactor volume with influent wastewater, the
influent and the effluent concentrations reached the same
range in the samples from the 14th of April and 19th of
April 2013 (Fig. 4B). After bioaugmentation with Phoma sp.,
the CBZ effluent concentrations of the pilot MBR rose only
moderately while they had considerably increased in the pi-
lot influent; corresponding to an about 40% CBZ removal for
12 days. However, this successful performance abruptly got lost
and no CBZ removal could be observed further on (Fig. 4B).
For the entire posttreatment period, an average CBZ removal
of about 15% was thus achieved. It is currently difficult to
unambiguously conclude on the observed instability of the
CBZ removal performance. A sufficient supply of fungi with
nutrients is crucial for the maintenance of their cometabolic
degradative activities [5, 7, 11]. For instance, a supplemen-
tation of the white-rot fungus Phanerochaete chrysosporium
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Figure 5. Total bacterial cell counts (DAPI straining; left y-axis)
and relative Phoma sp. counts (FISH analysis; right y-axis) in
the pilot MBR during the time course of the experiment. The
time periods corresponding to the use of the pilot MBR for the
treatment of full-scale MBR effluent in a posttreatment regime
(posttreatment), and the use of the MBR for the treatment of raw
municipal influent wastewater in a secondary treatment regime
(influent treatment) are separated by the vertical dashed line.

with glucose and ammonium nitrogen was necessary to re-
store its CBZ removal activity during the continuous treat-
ment of effluent from a municipal WWTP [5]. The malt extract
dosage regime applied within the present study did perhaps not
sufficiently support the activity maintenance of Phomasp., which
may have been a reason for the comparatively low and partly un-
stable removal efficiencies of the two investigated PhACs.

A semi-quantitative FISH-based method and FISH-based
DAPI staining was applied to monitor Phoma sp. and total bacte-
rial cell counts, respectively (Fig. 5). A considerable fluctuation of
the corresponding values (Fig. 5) can be explained by the highly
variable amounts of MLSS in the samples taken for determina-
tion. Macroscopically, the samples frequently contained varying
amounts of dark lumps, which could not be resuspended nei-
ther by mechanical homogenization nor by different enzymatic
treatment trials (data not shown). These lumps did largely bias
FISH analysis of Phoma sp. as was evident from the microscopic
observation of also nonfluorescent fungal hyphae, in addition
to those showing red fluorescence. Such large MLSS inhomo-
geneities in the pilot MBR are partly attributable to the tendency
of fungal hyphae to stick to and colonize surfaces, the growth
of filamentous fungi in the form of mycelial aggregates (pellets)
in suspension [30], and bacteria apparently partly overgrowing
Phoma sp. as was evident from microscopic examination. There-
fore, the obtained Phoma sp. counts do not accurately reflect the
fungal concentration in the MBR. A similar ratio of total bacte-
rial (DAPI) cell counts and relative Phorma sp. counts essentially
maintained throughout the monitoring period (with the excep-
tion of the last data point; Fig. 5) suggests that the DAPI cell
counts were also largely affected by the aforementioned MLSS
inhomogeneities, in support of bacteria associated with fungal
hyphae. Together these results illustrate the necessity for more
reliable methods for the quantification of pollutant degraders,
especially of those growing in the form of mycelia and related
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aggregates. An interpretation of the obtained cell counts in terms
of quantitative statements seems not feasible. However, along
with the observed effects on target pollutant removal (Fig. 4),
the proven presence of Phoma sp. throughout the observation
period (Fig. 5) suggests that the fungus remained at least partly
alive and active in the pilot MBR.

3.4 Removal of CBZ and DF in the pilot MBR treating
raw municipal wastewater

The pilot MBR was fed with municipal influent wastewater and
operated in a secondary treatment regime between the 27th
of May and the 17th of July 2013. Due to considerably higher
COD and MLSS loads in the raw wastewater influent compared
to the previous posttreatment regime, which could potentially
partly serve as fungal carbon and energy sources, the amount of
Phoma sp. inoculum used for bioaugmentation of the MBR on
the 27th of May 2014 (Fig. 4) was reduced (Table 1), and malt
extract dosing was omitted.

During the pilot MBR operation for influent wastewater treat-
ment, NH;-N was completely removed and NO;-N was kept
between 1-4 mg NO;-N/L. The removal of total nitrogen and
COD reached 93 and 55%, respectively.

Averaged pilot MBR influent and effluent DF concentrations
of 1073 and 593 ng/L were observed during the operational
period (Fig. 4A). While the full-scale MBR showed only occa-
sional DF removals, the pilot MBR bioaugmented with Phomasp.
achieved 34% DF removal overall. As to investigate whether any
sorption had contributed to the observed DF removal, the DF
concentration in the sludge was determined at the end of the
operational period. An average DF concentration in the sludge
of 0.03 mg/gg MLSS was measured (in the absence of sludge
waste). Considering the average influent DF concentration at
45 L/h and 15 days of operation, sorption onto sludge did not
significantly contribute to DF removal. These results are in line
with essentially no biosorption of DF onto Phoma sp. mycelia
as observed in the laboratory scale batch tests (see Subsection
3.1), and corroborate previous results obtained with Phoma sp.
in synthetic media [15].

Full-scale influent, effluent, and pilot effluent displayed com-
parable CBZ concentrations at the beginning of the influent
treatment (Fig. 4B). While the CBZ concentrations consider-
ably increased in the full-scale MBR one week after inocula-
tion of the pilot MBR with Phoma sp., they only moderately
rose in the pilot MBR effluent. A stable CBZ removal (39% on
average) was established (Fig. 4B). Sludge samples were ana-
lyzed in order to check whether any sorption had contributed
to the observed CBZ removal. During the 15 days of oper-
ation, an average influent CBZ concentration of 477 ng/L at
45 L/h resulted in an influent load of 7.7 mg CBZ. The measured
average CBZ concentration in sludge (after 15 days of poten-
tial accumulation) was 0.02 mg/kg MLSS. Thus, CBZ sorbed to
sludge had accounted for only 0.65% of the CBZ removed during
the same period. The observed CBZ removal is therefore over-
whelmingly attributable to biodegradation or—transformation
and not to sorption processes, in agreement with the results of the
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laboratory scale batch tests described in Subsection 3.1 and pre-
viously published data [15].

Total bacterial (DAPI) and Phoma sp. cell counts were con-
tinued to be monitored also during influent treatment at the
pilot MBR (Fig. 5). The difficulties and implications related to
this kind of data have already been described and discussed in
Subsection 3.3 above. Nevertheless, together with the observed
target pollutant removals (Fig. 4), the demonstrated presence of
Phoma sp. during the influent treatment period (Fig. 5) suggests
a successful establishment of the fungus in the pilot MBR.

4 Concluding remarks

Within the present study, the aquatic ascomycete Phoma sp.
UHH 5-5-03 was first demonstrated to efficiently remove sev-
eral PhACs at their real environmental trace concentrations
from nonsterile municipal wastewater in lab-scale experiments.
Phoma sp. was then used for the bioaugmentation of a pilot
MBR implemented at a full-scale wastewater treatment plant
site. The pilot MBR was successively used for the treatment of
full-scale MBR permeate in a posttreatment regime, followed by
treating raw municipal wastewater. The removal of the PhAC
representatives diclofenac (DF) and carbamazepine (CBZ) was
followed over a total period of 3 months. Treatment of raw in-
fluent wastewater by the Phoma-bioaugmented pilot MBR was
clearly more efficient than influent treatment by a concomi-
tantly operated full-scale MBR without Phoma sp., and post-
treatment full-scale MBR effluent using the pilot MBR. A stable
CBZ and DF removal (39 and 34% on average, respectively)
could be achieved throughout a pilot MBR influent treatment
period of 51 days, without the need for supplementation with
additional nutrients (full-scale MBR: on average, 15% DF but no
CBZ removed during 108 days). Along with the demonstrated
long-term presence of Phoma sp. in the pilot MBR using FISH
analysis, the obtained results suggest that the fungus remained
active under the nonsterile conditions of the activated sludge
environment of the pilot MBR over the investigated period of
time, and has contributed to the DF and CBZ removal at their
real environmental concentrations. However, our results also
demonstrate an urgent need for reliable methods enabling the
unbiased quantification of mycelia- and pellet-forming pollu-
tant degraders such as filamentous fungi and other microorgan-
isms adding spatial and/or temporal heterogeneities to technical
systems. The peculiarity of fungal organisms to degrade most
environmental pollutants in a cometabolic manner [15,31] ne-
cessitates the maintenance of fungal activity through the pro-
vision of suitable nutrients. In this context, the maintenance
of the PhAC removal performance without external nutrient
addition, as observed for the Phoma-bioaugmented pilot MBR
throughout the entire influent treatment period, is promising
with respect to practical applications. It further raises the ques-
tion inasmuch the dissolved organic carbon or total organic car-
bon of wastewater could support fungal growth and/or activity
maintenance, which remains to be elucidated. By contrast, post-
treatment of effluents with only low organic loads appears to be
rather unfavorable with respect to fungal nutrition and activity
maintenance.
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Practical application

A pilot scale membrane bioreactor (MBR) was bioaug-
mented with the aquatic fungal isolate Phoma sp. UHH
5-1-03, and the removal of the water-polluting pharmaceu-
tically active compounds (PhACs) diclofenac and carba-
mazepine from nonsterile municipal wastewater was suc-
cessfully demonstrated over several weeks. Concomitantly,
the long-term presence of Phoma sp. in the pilot MBR
could be demonstrated. The bioaugmentation of wastew-
ater treatment systems like MBRs with filamentous fungi
may hence represent a strategy to cope with the problem of
incomplete removal of many PhACs and other micropollu-
tants during conventional wastewater treatment, provided
that a range of bottlenecks associated with the implemen-
tation of fungal technologies could be overcome. These in-
clude technological challenges related to mycelial growth
and pellet formation, the related need for reliable methods
enabling the unbiased quantification of filamentous fungi
in technical wastewater treatment systems, and the neces-
sity to maintain cometabolic fungal degradation activities
through the provision of a suitable cosubstrate.
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