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Abstract
An enrichment process was employed by applying high ibuprofen concentration in an immobilized cell bioreactor in order to
favor the ibuprofen-degrading community present in activated sludge. Experimental data showed the ability of the immobilized
cell bioreactor to achieve high ibuprofen removal efficiencies (98.4 ± 0.3%), the tendency of the enriched biomass to acidify the
treated liquor, and the inhibition of the nitrification process. Illumina sequencing revealed a massive increase in the relative
abundance of Alphaproteobacteria andGammaproteobacteria (from 29.1 to 80.8%) and a dramatic decrease in the proportion of
Bacteroidetes, Planctomycetes, and Verrucomicrobia (from 42.7 to 2.1%) when pure ibuprofen served as the sole carbonaceous
feeding substrate. This shift in the feeding conditions resulted in the predominance of Novosphingobium and Rhodanobacter
(25.5 ± 10.8% and 25.2 ± 3.0%, respectively) and demonstrated a specialized ibuprofen-degrading bacterial community in acti-
vated sludge, which possessed the selective advantage to cope with its degradation. To the best of our knowledge, this bioreactor
system was capable of effectively treating the highest ibuprofen concentration applied in wastewater treatment plants.
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Non-steroidal anti-inflammatory drug (NSAID) degradation

Introduction

Ibuprofen, which is scientifically named 4-isobutylphenyl-2-
propionic acid, is one of the widely used non-steroidal anti-
inflammatory drugs (NSAIDs). The most common therapeu-
tic properties of ibuprofen are its inflammatory action against
arthritis and toothache and its anti-fever effects (Rainsford
2009). Nowadays, ibuprofen is detected in high concentra-
tions in pharmaceutical industry and hospital wastewaters,
which are considered as important point sources of NSAIDs
(Li 2014; Davarnejad et al. 2018).

Pharmaceutical pollutants like ibuprofen pose negative ef-
fects on aquatic organisms at all stages of their life cycle
(Zhou et al. 2009). Ibuprofen has been detected in pharmaceu-
tical industry wastewater at concentrations even higher than
200 mg/L (Jallouli et al. 2018). Moreover, the presence of
ibuprofen in pharmaceutical wastewaters can cause genotoxic
effects under both acute and sub-chronic exposure conditions
and induce free radical production and oxidative stress on
various aquatic organisms (Ragugnetti et al. 2011; Jeffries
et al. 2015; Candido et al. 2016; Islas-Flores et al. 2017). In
addition, Moro et al. (2014), who investigated the negative
impact of ibuprofen on Scenedesmus rubescens cultures, de-
noted ultrastructural and morphological alterations in cyto-
plasmic inclusions. Chlorophyll reduction and carotenoid in-
crease were also among the negative consequences of ibupro-
fen (Moro et al. 2014).

Despite the importance of NSAID degradation, the exam-
ination of microbiota with proven capability of degrading ibu-
profen is restricted solely to studies with single isolates. More
specifically, Sphingobium sp. IbD51, which was isolated from
activated sludge, could mineralize ibuprofen in R2A medium
(Zhou et al. 2013). Variovorax Ibu-1 obtained from activated
sludge was capable of utilizing ibuprofen as the sole carbon
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and energy source through 2,3-dioxygenation of the aromatic
ring and dehydrogenation to catechol, reducing in batch cul-
tures an initial ibuprofen concentration of 500 mg/L by 40% at
the early stationary phase (Murdoch and Hay 2015).
Sphingomonas Ibu-2 was also capable of utilizing ibuprofen
as a sole carbon and energy source via 1,2-dioxygenation of
the aromatic ring to isobutylcatechol and subsequent induc-
tion of the extradiol ring-cleavage pathway (Murdoch and
Hay 2005). Fortunato et al. (2016) recently isolated a
Comamonas aquatica and a Bacillus ibuprofen-degrading
strain from river surface waters by using an ibuprofen-based
minimal medium containing 0.2 g/L EDTA.

A limited number of studies have been performed in
wastewater treatment systems in order to investigate the
effects of ibuprofen on the composition of the activated
sludge microbiota. In particular, Jiang et al. (2017) reported
that Actinobacteria and Bacteroidetes population was in-
creased when mixtures of ibuprofen with diclofenac or
naproxen were applied at low concentration (5 μg/L) in
sequencing batch reactors (SBRs) fed with synthetic waste-
water. By contrast, Wang et al. (2016) denoted a relative
decrease in the proportion of Bacteroidetes population dur-
ing addition of five pharmaceutical and personal care prod-
ucts (PPCPs) (50 μg/L each), including ibuprofen, in a
granular MBR system treating an acetate-based wastewater.
Besides, Xia et al. (2014) mentioned that BPPCP drugs had
relatively less effect on microbial diversity.^ Kraigher et al.
(2008) reported that greater divergence in activated sludge
communities occurred when NSAIDs were added at 5 mg/L
rather than 50 μg/L. Indeed, the complexity caused by the
low concentration of PPCPs used in these studies, as com-
pared to the high organic content of the wastewater treated,
increases the uncertainty in the identification of the main
NSAID degraders, and therefore, the investigation of the
ibuprofen-degrading community present in the activated
sludge is advantageous when such anti-inflammatory drug
serves as the sole carbonaceous feeding substrate. However,
no study of microbial diversity has been carried out in batch
experiments or in bioreactor systems so far by using ibupro-
fen as the sole carbonaceous feeding substrate. Thus, the
objectives of this research work were (a) to proliferate the
ibuprofen-degrading community present in the activated
sludge in order to study biodegradation aspects of ibuprofen
through the performance of an enrichment process carried
out in an aerobic immobilized cell bioreactor where high
ibuprofen concentration was applied either by using com-
mercially available tablets or the pure pharmaceutical sub-
strate, (b) to evaluate biosystem’s performance by using
high ibuprofen dose applications for a prolonged period of
time, and (c) to identify the microbial community structure
in the enriched ibuprofen-degrading biomass by employing
high-throughput sequencing techniques, i.e., Illumina
sequencing.

Material and methods

Bioreactor design and enrichment
of ibuprofen-degrading communities

An immobilized cell bioreactor of 550 mL working volume
was installed. The unit consisted of a main reactor (biofilter)
of 550 mL volume, which was filled with Siran porous beads
as the immobilized carrier (Supplementary Material Fig. S1).
The Siran beads formed a cell-immobilized column of 150mL
volume. A glass cylindrical tube of 120 mL, containing an air
diffuser on the bottom that connected to an air pump, was used
for aeration. Aeration was provided through recirculation of
wastewater from the main biofilter to the aeration tube by the
use of a high-speed peristaltic pump (550 mL/min). The
immobilized bioreactor was fed automatically with a connect-
ed pump every 24 h by adding either synthetic wastewater
containing commercially available ibuprofen tablets or mini-
mal mediumwhere ibuprofen served as the sole carbonaceous
feeding substrate, as appropriate, resulting in a corresponding
hydraulic retention time (HRT) of 3.5 days.

The immobilized cell bioreactor was initially seeded with
50 mL activated sludge receiving from a membrane reactor
(MBR) treating municipal wastewater. Synthetic wastewater
containing ibuprofen was initially prepared by adding one com-
mercially available ibuprofen tablet of 600 mg in 1 L distilled
water, although 43 days thereafter, ibuprofen concentration in the
synthetic wastewater was decreased to 400mg/L, supplementing
also with 0.2 g/L yeast extract and 8 mg/L NH4Cl, in order to
enhance microbial growth. Each commercial tablet used
consisted of 297mg sucrose aswell as of trace amounts of silicon
dioxide colloidal (aerosil), starch maize pregelatinized, stearic
acid, starch maize, calcium sulfate dihydrate (terra alba),
carmellose sodium, acacia (spray dried), opalux pink AS-1537,
opaglos regular, and carnauba wax. After an extended operation
period (more than 5 months), ibuprofen of high purity was used
as the only carbonaceous feeding substrate in the bioreactor sys-
tem. In particular, a minimal medium consisting of 400 mg/L of
ibuprofen of high purity (99%, Alfa Aesar, Germany) as well as
of trace elements and minerals, i.e., 10 mM NH4Cl, 0.2 mM
NH4Fe(SO4)2·6H2O, 1 mM Na2HPO4, 5 mM KCl, 2 mM
MgSO4·7H2O, 2 mM CaCl2·2H2O, 3 μM NiCl2·6H2O, 1 μM
Na2SeO3, 3 μM CoCl2·6H2O, 3 μM NaMoO4·2H2O, 2 μM
ZnSO4·7H2O, and 1 μM H3BO4 (Atlas 2010), was prepared to
serve as the feeding substrate. The pH of the minimal medium
was firstly adjusted to pH 8 and then to pH 7 in order to be
converted to the ionic form of ibuprofen, a fact that increases
the solubility of ibuprofen without the use of organic solvent,
i.e., methanol, avoiding thus the addition of another carbon
source, expect of ibuprofen. Moreover, no addition of yeast ex-
tract or any other organic compound was made when ibuprofen
of high purity served as the sole carbonaceous feeding substrate.
Both the syntheticwastewater consisting of commercial available
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ibuprofen tablets and the minimal wastewater containing ibupro-
fen of high purity were agitated in a magnetic stirrer prior to their
addition to the immobilized cell bioreactor. After the acclimati-
zation period where ibuprofen served as the sole carbonaceous
feeding substrate, NH4Cl and Na2HPO4 concentrations were de-
creased to 4.67 mM and 0.35 mM, respectively, in order to
reduce the residual ammonia and phosphorus concentrations in
the effluent.

Physicochemical analyses

Dissolved oxygen (DO), pH, and electrical conductivity (EC)
were determined by using the WTW Oxi 320, the Metrohm
632, and the Crison CM35 meters, respectively. Biochemical
oxygen demand (BOD5), chemical oxygen demand (COD),
and suspended solid (SS) concentrations were measured ac-
cording to «Standard Methods for the Examination of Water
and Wastewater» (Clesceri et al. 1998). Total Kjeldahl nitro-
gen (TKN) and ammonium nitrogen (NH4

+-N) were estimated
by following the Kjeldahl and ammonium distillation method,
respectively. Nitrate and nitrite nitrogen (NO3

−-Ν and
ΝΟ2

−-Ν) were measured colorimetrically after reducing ni-
trates to nitrites in a Cd-copperized column (Clesceri et al.
1998). PO4

3−-P was determined by reacting phosphates with
ammonium molybdate reagent under acidic conditions and
reducing the molybdophosphoric acid formed by stannous
chloride to an intense molybdenum blue compound
(Clesceri et al. 1998).

Determination of ibuprofen through derivatization
and GC-MS analysis

Samples from the influent and the effluent were dissolved in
methanol (1:100 v/v or 1:5 v/v sample/methanol, respectively),
evaporated to dryness with nitrogen gas, and derivatized with
a mixture of 100 μL pyridine and 100 μL BSTF+ 1%
(trimethylchorosilane) TMCS at 60 °C for 30 min. Ibuprofen
concentrations were determined by using a GCMS-QP2010
Plus gas chromatograph mass spectrophotometer (Shimadzu,
Japan) through the use of a 5MS MEGA (Italy) chromato-
graphic capillary column (60-m length, 0.25-mm i.d.,
0.25-μm film thickness, 330–350 °C max temperature). A
calibration curve was constructed by derivatizing ibuprofen
standard solution and detecting the respective mass spectrum
of the target compound. Helium gas flowed through the col-
umn under a rate of 2 mL/min. The operating parameters of
the GCMS-QP2010 Plus instrument were set as follows:
purge flow of 3 mL/min and injector temperature of 250 °C
for GC, as well as ion source of 200 °C, interface temperature
of 300 °C, detector voltage of 1 kV, solvent cut time of 3 min,
and scan range of 40–500 amu for MS, respectively. The
derivatized ibuprofen was eluted by employing a ramp pro-
gram of 1-min holding period at 100 °C, temperature rise to

300 °C at a temperature increase rate of 8 °C/min, and a final
holding step of 4 min at 300 °C.

Genomic DNA extraction, Illumina sequencing,
and ecological statistics

Genomic DNA from the immobilized cells was extracted by
grinding the Siran beads with a small plastic pestle and then
using the Wizard Genomic DNA extraction kit (Promega),
following manufacturer’s instructions. The primer set 27F
(5′-AGR GTT TGATCM TGG CTC AG 3′) and 519R (5′-
GTN TTA CNG CGG CKG CTG-3′) was employed to am-
plify the V1–V3 16S rRNA gene region. PCR reactions were
performed by using the Qiagen’s HotStarTaq Plus master mix
kit and following a thermocycling program, which was com-
prised of an initial denaturation step of 3 min at 94 °C, 28 cy-
cles consisting of 30-s denaturation at 94 °C, 40-s annealing at
53 °C and 1-min DNA polymerization at 72 °C, and a final 5-
min elongation step at 72 °C. Amplicons were purified by
using the AMPure beads (Agencourt Bioscience, USA), prior
to their analysis in a MiSeq instrument (Illumina, at BMr
DNA,^ USA).

Both demultiplexing and trimming of the amplicons were
performed in RDP pipeline by employing the BPipeline Initial
Process^ option (Cole et al. 2014). Reads, with inappropriate
length size, Ν(s), or quality score (Q) lower than 20, were
excluded by the PandaSeq program (Masella et al. 2012).
Detection of chimeras was performed at RDP by employing
the UCHIME algorithm of USEARCH 6.0 (Edgar et al. 2011).
The alignment of the non-chimeric reads was carried out by
using the aligner tool of Nawrocki et al. (2009), and their
clustering was performed by using the BComplete Linkage
Clustering^ option in RDP pipeline. A total of 344,856 non-
chimeric Illumina reads, which derived from two experimen-
tal setups of three independent samples each, corresponding to
the first and the second experimental periods where the
immobilized cell bioreactor was operated with wastewater
containing commercial available ibuprofen tablets and pure
ibuprofen as the sole carbonaceous feeding substrate, respec-
tively, were deposited in the SRA database under the
BBioproject^ PRJNA474987 (SRA accession SRX4178968–
SRX4178973). The microbial composition of the inoculum
used was also deposited in the SRA database under the
Bioproject PRJNA521586 (SRA accession SRX5354718–
SRX5354720).

Dissimilarity matrices were constructed based on Bray and
Curtis distance calculation (1957), and subsequently, the trans-
formed data was subjected to multidimensional scaling (MDS),
where reliable stress value was obtained on Kruskal’s test
(Kruskal’s stress-1 = 6.7%) (Cox and Cox 2008). Ecological
indicators, i.e., the Shannon diversity index H′ and the
Shannon evenness index (SEI), were calculated as previously
reported in Magurran (1988). Statistically significant
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differences were identified between indices or phylogenetic
abundances in Student’s t test for 95% and 99% confidence
intervals (*p < 0.05 or **p < 0.01). MicrobiomeAnalyst web
platform was used to visualize correlation matrix and dendro-
gram (Dhariwal et al. 2017).

Results and discussion

Performance and optimization of the immobilized cell
bioreactor fed with commercial ibuprofen tablets
and pure ibuprofen

The bioreactor system was initially fed with synthetic waste-
water containing commercial ibuprofen tablet of 600 mg/L

without the addition of ammonium ions and yeast extract.
However, system instability after the first month of operation
resulted in lowered ibuprofen removal efficiency. Thus, the
influent ibuprofen concentration was reduced to 400 mg/L,
and ammonium chloride and yeast extract were added to fa-
cilitate microbial growth. As a consequence, higher biosystem
removal efficiencies were recorded. Despite the fact that me-
chanical pump malfunction occurred during the experimental
period from day 65 to day 75, system ibuprofen removal effi-
ciency was stable, reaching values of 97.7 ± 2.8% (p < 0.01)
(Fig. 1a). Then, a shift in the operating conditions of the
immobilized cell bioreactor was performed by feeding the
system with 400 mg/L of pure ibuprofen. After system adap-
tation to the new feeding conditions established (day 20 and
thereafter), ibuprofen removal efficiencies reached values

Fig. 1 Influent and effluent ibuprofen concentration profiles and their removal efficiencies in the immobilized cell bioreactor fed with wastewater
containing commercial ibuprofen tablets (a) and pure ibuprofen (b)
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equal to 98.4 ± 0.3% (p < 0.01) (Fig. 1b). This indicates that
the microbial communities in the immobilized cell bioreactor
were effectively adapted to these severe loading rates of ibu-
profen. Moreover, the detection of trimethylsilyl catechol
puryvate tris (trimethylsilyl) denotes the presence of catechol
2-hydroxypropionate, which is a possible degradation inter-
mediate of ibuprofen. To the best of our knowledge, this is the
highest ibuprofen concentration effectively treated in any bio-
reactor system employed for the degradation of such pharma-
ceutical compound. Langenhoff et al. (2013) reported almost
complete removal of 250 mg/L ibuprofen in batch experi-
ments within a period of 4 days only when adapted sludge
was used, whereas the removal efficiencywas lower than 60%
in the case of an unadapted biomass. This period of 4 days was
similar to the operating HRT of the immobilized cell bioreac-
tor (HRT of 3.5 day). On the other hand, the system instabil-
ities occurred in the immobilized cell bioreactor that was fed

with 600 mg/L ibuprofen indicate either insufficient HRT to
deal with the extremely high ibuprofen concentration or
ibuprofen-induced toxicity at dose application above
400 mg/L. Xia et al. (2014) showed that prolonged sludge
retention time (SRT) and HRT can improve the removal of
pharmaceuticals in bioreactor systems. In addition, the appli-
cation of ibuprofen as the sole carbonaceous feeding substrate
demonstrates the existence of a specialized ibuprofen-
degrading bacterial community, denoting the advantages of
activated sludge versatility.

Adjustment of ibuprofen concentration from 600 to
400 mg/L resulted in a COD decrease, i.e., from influent total
COD (tCOD) of 1095 ± 20mg/L to effluent tCOD and soluble
(sCOD) values of 286 ± 25 and 185 ± 23 mg/L, respectively,
corresponding to tCOD removal efficiencies of 73.7 ± 2.3%
(Fig. 2a). Regarding effluent sCOD, the removal efficiency
was estimated to be 83.2 ± 2.1% (Fig. 2a). In addition, the

Fig. 2 Total and soluble COD concentration profiles and their removal efficiencies in the immobilized cell bioreactor fed with wastewater containing
commercial ibuprofen tablets (a) and pure ibuprofen (b)
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effluent tCOD and sCOD values and their respective removal
efficiencies were equal to 166 ± 10 and 100 ± 7 mg/L as well
as to 80.2 ± 2.2 and 88.6 ± 0.9%, when ibuprofen served as the
sole carbonaceous feeding substrate (Fig. 2b). Under both
feeding conditions, the high COD removal efficiencies were
in agreement with the high ibuprofen removal values detected
through chromatographic analysis of ibuprofen (Figs. 1 and
2). The residual effluent COD concentration determined could
be mainly attributed to the release of secondary metabolites
and cell debris rather to the ibuprofen concentration remained
in the effluent, which was steadily below 2 mg/L.

Considering other operating parameters, influent pH was
set at 6.42 ± 0.07 and the respective effluent pH values obtain-
ed were equal to 6.75 ± 0.04 when the immobilized cell bio-
reactor was fed with commercial ibuprofen tablets (Fig. 3a).
Under this feeding condition, the electrical conductivity (EC)
in the influent and the effluent were estimated as 322 ± 5 and

327 ± 10 μS/cm, respectively, indicating no statistically sig-
nificant differences (Fig. 3a). By contrast, the immobilized
cell bioreactor exhibited the tendency to acidify the treated
liquor when pure ibuprofen served as the sole carbonaceous
feeding substrate, resulting in a pH reduction from an initial
influent pH of 6.94 ± 0.06 to an effluent pH value of 5.69 ±
0.08. Interestingly, Kimura et al. (2010) reported effective
degradation of ibuprofen at pH 6 rather at neutral pH.
Higher ibuprofen removal efficiencies were also reported at
pH 5, when the activated sludge of a submerged MBR was
subjected to a broad pH range of operation (within pH 5 and 9)
(Tadkaew et al. 2010). At these moderate acidic conditions,
ibuprofen mainly exists in hydrophobic speciation (non-ionic
form), a fact that facilitates its sorption to biosolids (Urase and
Kikuta 2005). Besides, hydrophobicity may enhance ibupro-
fen availability to the negatively charged membranes of vari-
ous bacteria, increasing thus degradation rates. In comparison

Fig. 3 Electrical conductivity (EC) and pH profiles in the immobilized cell bioreactor fed with wastewater containing commercial ibuprofen tablets (a)
and pure ibuprofen (b)
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to the operating conditions where commercial ibuprofen tab-
lets were used, the electrical conductivity values in the influent
and effluent of the immobilized cell bioreactor that was fed
with pure ibuprofen were much greater and equal to 3.04 ±
0.06 and 2.92 ± 0.06 mS/cm as the consequence of metal mi-
croelements’ addition.

The organic nitrogen was partially mineralized as indicated
by the remaining effluent TKN concentration, while the am-
monium nitrogen remained almost unoxidized (Table 1) since
nitrates and nitrites were detected in negligible amounts in the
effluent of the immobilized cell bioreactor under both feeding
conditions examined. This could be attributed either to the
acidic pH of the treated wastewater in the immobilized cell
bioreactor (Zhang and Bishop 1996) and/or to the possible
inhibitory effects of the high ibuprofen concentration to nitri-
fiers. Interestingly, Katsou et al. (2016) reported that nitrifica-
tion process was inhibited by 80% when biomass spiked with
ibuprofen concentrations above 250mg/L in ex situ bioassays.
The reduction in NH4

+-N concentration, i.e., from 15.47 ±
3.32 to 7.69 ± 5.25 mg/L and from 84.58 ± 10.60 to 55.00 ±
14.19 mg/L, when the immobilized cell bioreactor was fed
with commercial ibuprofen tablets and pure ibuprofen, respec-
tively, appeared to be the consequence of ammonia assimila-
tion in the immobilized microbial cells (Table 1). The concen-
tration of the soluble phosphorus determined in the effluent
under both feeding conditions indicated that adequate phos-
phorus concentration was provided to the immobilized micro-
bial cells (Table 1).

Bacterial community structure in the immobilized cell
bioreactor fed with commercial ibuprofen tablets
and pure ibuprofen

The dominant bacterial population in the Siran beads of the
immobilized cell bioreactor was assessed by Illumina sequenc-
ing during treatment of synthetic wastewater containing com-
mercial ibuprofen tablets. At genus level, the predominant bac-
terial taxon was placed within the genus Novosphingobium,
which belongs to the same family as the members of the genus

Sphigomonas, i.e., the family Sphigomonadaceae, representing
14.40 ± 3.98% of the relative abundance. Other major bacterial
genera identified were those of Runella and Terrimonas, show-
ing relative phylogenetic abundances of 7.21 ± 2.24 and 5.84 ±
0.41%, respectively. The prevalent bacterial taxa at phylum/
class level in the immobilized cell bioreactor fed with commer-
cial ibuprofen tablet were placed in Alphaproteobacteria and
Bacteroidetes (Fig. 4), as a consequence of the high phyloge-
netic abundances of the genus Novosphingobium and the gen-
era Runella and Terimonas, respectively.

The shift in the feeding conditions, when ibuprofen served as
the sole carbonaceous feeding substrate, resulted in the predom-
inance of the genera Novosphingobium and Rhodanobacter,
which represented at this stage the 25.52 ± 10.77 and 25.15 ±
3.04% of the total reads, respectively, followed by strains of the
genera Sphingomonas, Rhodopseudomonas, Pandoraea, and
Dokdonella. On the other hand, Runella and Terrimonas, as well
as members of the genera Crocinitomix, Ohtaekwangia,
Alicycliphilus, Flavobacterium, Paracoccus, Bacillus, and
Flavihumibacter, which were among the major microbiota when
the bioreactor was fed with wastewater containing commercial
ibuprofen tablets, were not further detected when ibuprofen
served as the sole carbonaceous feeding substrate. This indicates
a massive increase (from 29.06 to 80.80% of the total reads) in
the relative abundances of Alphaproteobacteria and
Gammaproteobacteria and a respective decrease in the propor-
tion of Bacteroidetes, Planctomycetes, and Verrucomicrobia
(from 42.65 to 2.05% of the total reads) (Fig. 4). In particular,
the relative abundance of 29 taxa (each represented more than
0.1% of the total bacterial reads) reduced significantly (p< 0.01
or p< 0.05, in Student’s t test), while the respective number of
taxa with increased abundance was 19 (Fig. 5). Estimation of
ecological indicators showed a significant decrease (p< 0.05 in
Student’s t test) in Shannon diversity index H′ when the shift
from commercial ibuprofen tablets to pure ibuprofen occurred,
resulting in the reduction ofH′ indicator from 3.85 ± 0.07 to 2.92
± 0.28. This shift also affected Shannon evenness index (SEI),
reducing community evenness after feeding shift from 0.66 ±
0.01 to 0.50 ± 0.05 (p< 0.05 in Student’s t test). In addition,

Table 1 Determination of the
nitrogenous compounds and
orthophosphates in the influent
and the effluent of the
immobilized cell bioreactor fed
with commercial ibuprofen
tablets or pure ibuprofen

Characteristic Feeding with commercial ibuprofen tablets Feeding with pure ibuprofen

NO2
−-Nef (mg/L) 0.01 ± 0.01 0.04 ± 0.01

NO3
−-Nef (mg/L) 0.05 ± 0.01 2.00 ± 0.45

NH4
+-Nin (mg/L) 15.47 ± 3.32 84.58 ± 10.60

NH4
+-Nef (mg/L) 7.69 ± 5.25 55.00 ± 14.19

TKNin (mg/L) 24.08 ± 10.64 99.83 ± 15.86

TKNef (mg/L) 16.90 ± 8.34 52.96 ± 15.94

PO4
3−-Pin (mg/L) 11.85 ± 1.79 17.39 ± 3.75

PO4
3−-Pef (mg/L) 7.79 ± 1.54 10.53 ± 3.97

Dissolved oxygen (mg/L) 1.94 ± 0.44 4.77 ± 0.47

Values are expressed as mean ± SE

14244 Environ Sci Pollut Res (2019) 26:14238–14249



Environ Sci Pollut Res (2019) 26:14238–14249 14245



multidimensional scaling of Illumina data showed that the district
bacterial community structures favored in the immobilized cell
bioreactor under the two feeding conditions examined (commer-
cial ibuprofen tablets vs pure ibuprofen) (Supplementary
Material Fig. S2). The predominance ofNovosphingobium under
both feeding conditions could be attributed to its ability to catab-
olize ibuprofen as the sole carbon and energy source, although
the growth of the remaining dominant taxa identified in the
immobilized cell bioreactor that was fed with wastewater

consisting of ibuprofen tablets appeared to be relied mainly on
excipient consumption (e.g., each ibuprofen tablet of 400 mg
contains 297 mg sucrose as well as starch, stearate, etc.) since
thesemicrobita disappeared or were minor constituents of micro-
bial community structure when pure ibuprofen served as the
feeding substrate. Based on the current and previous studies,
specialized microbiota of the family Sphingomonadaceae like
Novosphingobium and Sphingomonas spp., which are capable
of degrading NSAIDs, appeared to gain an adaptive advantage
(Murdoch and Hay 2005; Iasur-Kruh et al. 2011). A positive
relationship among the families Sphingobacteriaceae,
Pseudomonadaceae, and Rhodobacteraceae was found
(Fig. 6), which is also indicative of the degradation ability of
these taxa (Nojiri et al. 2014). Moreover, Rhodobacteraceae

Fig. 5 Illustration of bacterial taxa that their abundances (denoted inside
the grey squares) were significantly increased or decreased (*p < 0.05 or
**p < 0.01, in Student’s t test), when the shift from commercial ibuprofen
tablets to pure ibuprofen as the feeding substrate occurred. Only bacterial
taxa, which their relative abundances were greater than 0.1%, at least in

one of the two feeding conditions examined, and statistically differed, are
included in this figure. A shift from pale to dark grey squares corresponds
to an increase in the relative abundance of a taxon and vice versa. CIT
commercial ibuprofen tablets, PIS pure ibuprofen solution

�Fig. 4 Identification of the major bacterial taxa at phylum/class level in
the initial inoculum (a) and in the immobilized biomass of the bioreactor
fedwith wastewater containing commercial ibuprofen tablets (b) and pure
ibuprofen (c)
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spp., which are effective degraders of recalcitrant compounds
(Nalin et al. 1999), positively correlated with Nakamurellaceae
representatives.

Under both feeding conditions examined, the microbial com-
munity structure identified was distinct from the dominant diver-
sity detected in treatment systems where low doses of ibuprofen
had been applied. In these cases, despite the occurred differences
after addition of low ibuprofen concentrations (up to 0.5 mg/L),
the major bacterial diversity was the typical diversity detected in
wastewater treatment plants, showing the dominance of

Betaproteobacteria, consisting mainly of Thauera,
Sphaerotilus, and Acidovorax spp. (Kraigher et al. 2008; Muter
et al. 2017). It appears that the ibuprofen degraders comprise of a
minor part of the microbial diversity in these systems, while
ibuprofen may exert toxic effects only on certain taxa.
However, the high ibuprofen concentration applied in this study
was adequate to sustain sufficient growth of ibuprofen-degrading
bacteria and permitted to identify the ibuprofen-degradingmicro-
biota existing in the activated sludge. The increase in
cyanobacterial reads may be attributed to the increased electrical

Fig. 6 Correlation matrix among the bacterial taxa identified at family level in the immobilized cell bioreactor when commercial ibuprofen tablets and
pure ibuprofen served as the feeding substrates
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conductivity that was caused by the addition of micronutrient
solution when ibuprofen served as the sole carbonaceous feeding
substrate. On the other hand, increased pharmaceutical concen-
trations, including that of ibuprofen, have been reported to sus-
tain or even increase cyanobacterial population (Proia et al. 2013;
Corcoll et al. 2014; Bácsi et al. 2016). Based on Illumina se-
quencing, the restricted nitrifying population identified in the
immobilized cell bioreactor that was fed with wastewater
consisting of commercial ibuprofen tablets was comprised of
Nitrosovibrio and Nitrospira spp., as the main ammonia and
nitrite oxidizers, respectively. On the other hand, Nitrosospira
rather than Nitrosovibrio was the main ammonia-oxidizing tax-
on, while Nitrospira still remained as the predominant nitrite
oxidizer when ibuprofen served as the sole carbonaceous feeding
substrate. Negligible proportion of the nitrite-oxidizing genus
Nitrobacter was also detected under both feeding conditions.
The limited proportion of ammonia-oxidizing bacteria supports
the hypothesis of Tran et al. (2013) that biodegradation of ibu-
profen can be almost exclusively carried out by heterotrophs.

Apart from Sphingomonadaceae-affiliated taxa and the au-
totrophic Nitrospira, which appears to have a persistent pres-
ence in activated sludge systems under elevated NSAID con-
centrations (Wang et al. 2016; Vuono et al. 2016),
Nakamurella population was also detected at low abundances
when a mixture of diclofenac, ibuprofen, and naproxen was
added in the activated sludge of a SBR system (Jiang et al.
2017). Lipases, which were related with those of Thermus
spp. and were capable of hydrolyzing ibuprofen-phenyl ester,
have been also detected in a metagenome library (Chow et al.
2012). Moreover, Propionicimonas has been identified in a
MBR performing the post-treatment of the secondary effluent
of a full-scale WWTP (Arriaga et al. 2016). Recently, a
Pseudomonas strain isolated from a sewage plant in China
was found to be capable of degrading ibuprofen (Li et al.
2015). No previous report on ibuprofen degradation for the
remaining major taxa detected under both feeding conditions
examined exists in the international literature regarding any
natural and artificial ibuprofen-polluted environment.

Conclusions

The application of ibuprofen as the sole carbonaceous feeding
substrate indicated that a specific part of activated sludge
consisted of specialized ibuprofen degraders, which possessed
the selective advantage to effectively degrade NSAIDs. Such
specialized ibuprofen degraders were mainly members of the
family Sphingomonadaceae, like Sphingomonas and
Novosphingobium spp., which were capable of catabolizing
ibuprofen. Inhibition of the nitrification process occurred, due
to the tendency of the immobilized biomass to acidify the
effluent and/or the potent toxic effects of the high ibuprofen
concentration onto the nitrifying bacteria.
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