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a b s t r a c t

Fluoxetine (FLX), an antidepressant extensively used worldwide is considered an emerging pollutant. The
present work intends to investigate for the first time the capacity of a bacterial community containing
sulphate-reducing bacteria (SRB) enriched from an anaerobic sludge to biodegrade and use FLX as sole
carbon source, since current literature suggests that this drug is poorly biodegraded being mainly
removed by adsorption to sediments, where it persists. FLX was biodegraded under sulphate reducing
conditions until reaching its lowest and reliably detectable concentration, when 20 mg/L of the drug was
used as sole carbon source, while 66 ± 9% of 50 mg/L FLX was removed, after 31 days. The initial bacterial
population was mainly constituted by Desulfomicrobium and Desulfovibrio whereas during the experi-
ments using FLX as unique carbon source a clear shift occurred with the increase of vadinBC27
wastewater-sludge group, Macellibacteroidetes, Dethiosulfovibrio, Bacteroides, Tolumonas, Sulfuricurvum,
f_Enterobacteriaceae_OTU_18 that are assumed for the first time as FLX degrading bacteria. Although the
main mechanism of FLX removal described in literature is by adsorption, in the results herein presented
anaerobic biodegradation appears to play the main role in the removal of the FLX, thus demonstrating
the potentialities that the anaerobic processes can play in wastewater treatment aiming the removal of
new emerging compounds.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Fluoxetine (FLX) or (R,S)-N-methyl-3-phenyl-3-(4-(tri-
fluoromethyl)phenoxy)propan-1-amine (CAS No: [54910-89-3]) is
among the widely used pharmaceutical drugs considered as
emerging pollutants [1e3]. FLX is a selective serotonin reuptake
inhibitor (SSRI) which is indicated mainly for treatment of
depression, panic, anxiety, or obsessive-compulsive symptoms and
is one of the most prescribed drugs worldwide. FLX (Fig. 1a) is
mainly metabolized by humans to norfluoxetine (NFLX) (Fig. 1b)
through O-dealkylation releasing p-trifluoromethylphenol, which
is further metabolized to hippuric acid (C9H9NO3) [4,5].

The biodegradation behaviour and sorption onto a matrix of a
compound, herein FLX and NFLX, can be predicted by a group of
important physico-chemical properties which are shown in Table 1
[8e10].

For example, Gros and colleagues [11] concluded that
, University of Algarve, Campus de
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biodegradable substances exhibit a high pseudo-first order degra-
dation constant (Kbiol) or low half-life (t1/2), having a low sludge-
water distribution coefficient or sorption coefficient (Log Kd), cor-
responding to the minimal tendency to adsorb on sewage sludge.
Thus, it is normally predictable that compounds with low water
solubilities, higher log Kow (>2.5) and higher Log Kd would be likely
removed and subsequently found in organic-rich biosolids as
described by Vel�azquez and Nacheva [9]. In the case of FLX, it is
predictable a roughly biodegradation and a good sorption profile,
since values of Kbiol were ranging from 0.03 to 9.0, thus displaying a
poor to considerable biodegradability which likely may depend on
the operational conditions. The drug displayed values of Log Kd
ranging from 2.76 to 3.78 (Log Kd > 2.7) that are characteristic of a
high adsorption potential and also FLX is on the border of behaving
like a lipophilic compound with a Log Kow higher than 4 [8e10].

Environmental contamination with this drug and its active
metabolite NFLX has been detected in sewage effluents and in
Gambelas, Building 7, 8005-139, Faro, Portugal.
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Fig. 1. Molecular structure of FLX (a) and NFLX (b) (ChemSpider database 2019) [6,7].

Table 1
Physico-chemical properties of FLX and NFLX.

Properties Drug References

FLX (CAS # 54910-89-3) NFLX

Solubility in water 0.0017 mg/mL 0.00915 mg/mL Wishart et al. [8]
Dissociation constant (pKa) 9.8e10.3 9.77 Vel�azquez and Nacheva [9]
Log Kd (solid-water

distribution coefficient)

2.76; 3.76e3.78 Not available Vel�azquez and Nacheva [9]

Kbiol (L gVSS�1 d�1) 0.03e0.244 and 0.6e9.0 Not available Vel�azquez and Nacheva [9]
Log Kow (octanol-water partition coefficient) 4.05 4.17 Vel�azquez and Nacheva; Das et al. [9,10]
Log Dlipw (pH7) 3.28 Not available Vel�azquez and Nacheva [9]
Charge at pH 7 Positive Not available Wishart et al. [8]
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surface waters [12,13].
For example, The Predicted Environmental Concentrations (PEC)

of (R,S)-FLX in rawwastewater in Spain have been determined to be
in the range from 80 to 200 ng/L [14]. FLX and NFLX were found in
United Kingdom’s wastewater influents in the range of
4.9e175.9 ng/L and 3.4e118 ng/L, respectively and in the effluents
were detected ranging from 5.6e44.9 ng/L FLX and 1.1e20.2 ng/L
NFLX [15]. In Portugal, FLX was only detected in the influent
wastewaters, with a frequency of 5%, in a mean detected concen-
tration of 127.97 ng/L (14.6 mg/day/1000 inhab.) [16]. Benotti et al.
[17] found that United States of America tap water was contami-
nated with 0.64 ng/L FLX and 0.77 ng/L NFLX. Furthermore, fish
collected near the municipal wastewater discharges were
contaminated with these compounds [5]. Thus, municipal effluents
with an upstream dilution present an important benefit to the
aquatic environments reducing the maximal risk of contamination
[18,19]. Although the drug concentrations detected are not acutely
toxic to aquatic organisms [18], both FLX and NFLX remain bio-
chemically active in the aquatic environments and may cause
remarkable harmful effects on the morphology, physiology,
behaviour, reproduction of different organisms and immunotoxic
effects, since these compounds frequently act by mimicking the
neurotransmitter serotonin [5,18e23]. Kwon and Armbrust [24]
reported that FLX did not suffer hydrolysis, photolysis and micro-
bial degradation and the main mechanism of removal was by
2

adsorption to sediments. These authors detected NFLX as the
unique metabolite of FLX, produced by demethylation, during the
photolysis in a sample of synthetic humic water [24]. Also, Kinney
et al. [25] reported adsorption of FLX to biosolids produced by
wastewater treatment plant. Cartwright et al. [26] reported that the
removal efficiency of FLX in an activated sludge treatment was over
90%, but it was adsorbed by sludge and not biodegraded. Also,
Moreira et al. [27] investigated FLX adsorption to aerobic microbial
granules in an aerobic granular sludge (AGS) sequential batch
reactor and proposed the development of adsorption/desorption
mechanisms to remove this pharmaceutical from wastewater. The
literature suggested adsorption asmainmechanism of FLX removal.
However, in some studies such as for example the one of Moreira
et al. [28] demonstrated that Labrys portucalensis strain F1
completely removed 2 mM of FLX in 30 days and Vel�azquez and
Nacheva [9] reported that an ammonium-nitrite-oxidizing con-
sortium was able to biodegrade 79% of the drug, while a hetero-
trophic consortium displayed the highest fluoxetine removal of
85%.

Nevertheless, all the effects caused by FLX and NFLX in the
environment are still unknown and the studies are scarce
[24,29e31]. Hence the need to investigate for new, effective, low-
cost, and ecological ways to degrade or remove these pharmaceu-
ticals from wastewater.

Microorganisms, specifically bacteria have already
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demonstrated to play a vital role on the biodegradation of organic
compounds [32]. The present study focuses on the search for
anaerobic bacterial communities with capacity to biodegrade FLX,
considering the recognized advantages of consortia over pure cul-
tures [33].

Other aspect that must be considered is that the anaerobic
processes are regarded by several authors as an environmentally
and energetic sustainable technology when compared with the
aerobic processes [34e37]. Anaerobic processes are normally
implemented for streams with high concentrations of organic
material, often prior to an aerobic treatment and are also used for
specific applications, such as treatment of waste streams with
recalcitrant pollutants (e.g. inorganics and/or chlorinated hazard-
ous compounds). These processes are alsowell-adapted for treating
industrial wastewater [37]. These anaerobic technologies are not
duly explored; thus, this work aimed to search and evaluate the
behaviour of an obtained SRB community that displayed the ability
to degrade FLX, which is a recalcitrant compound with a strong and
extremely difficult to break C-F bond. Poh et al. [36] claimed that
the application of an appropriate model and process control can
maximize the anaerobic process efficiency, improve sustainability
of plant operation, and stimulate more groups to adopt anaerobic
wastewater treatment systems, leading to a reduction in green-
house gas emissions.

For that purpose, a sludge collected in an anaerobic lagoon
systemwas enriched to favour the growth of a SRB community. The
selection of SRB bacteria was driven by the following reasons: the
SRB bacteria are ubiquitous in the environment, they are easy to
grow and maintain. In addition, our research group has a wide
research experience with SRB communities and have successfully
using them in several bioremediation studies almost all exclusively
related with acid mine drainage remediation [38e41]. Therefore, it
was intended to investigate eventual additional bioremediation
capacities of SRB consortia that were never explored. The experi-
ments were performed in cultures using a modified Postgate B
medium, a specific medium to favour SRB growth, in the presence
of lactate plus FLX or only with the drug as possible carbon source,
under sulphate reduction conditions. A mineral salt medium
(MSM), a non-specific medium was also used to test the biodeg-
radation and use of FLX as unique carbon source by other bacteria
than SRB that were present in the community, under anaerobic
conditions. A metagenomic analysis of the 16S rRNA gene se-
quences was performed aiming the bacterial identification in order
to investigate which members from this anaerobic community may
be responsible for FLX biodegradation, as well as to follow the
bacterial community evolution during the experiment.

2. Materials and methods

2.1. Inoculum sources and preparation

A SRB consortium was enriched from an anaerobic sludge
collected from Faro East WWTP’s lagoon system (anaerobic pond)
in a Postgate B medium (sulphate reduction conditions) and was
used as inoculum to test the ability of that community in FLX
degradation under anaerobic conditions. The enrichments were
realized under anaerobic conditions at room temperature
(25 ± 2 �C) in the dark. All the assays were performed using 10% (v/
v) of inoculum in batch using serum bottles of 100 mL without
stirring. The pH of culture media was adjusted to 7 with 5 M NaOH.

The initial enrichments were performedwithout the drug and in
the presence of 5, 10 and 20 mg/L of FLX (Fig. 2). The bacteria were
harvested in the exponential phase (corresponding to a bacterial
growth ranging from 0.5 to 0.7) depending on the decrease in
sulphate concentration from about 2000 mg/L to 400 mg/L,
3

considering that a sulphate concentration below this last concen-
tration appears to be limiting for bacterial growth. The enrichment
stabilization was considered when, after 3 re-inoculations, the
obtained cultures followed a pattern of an optical density at 600 nm
(OD600nm) ranging from 0.5 to 0.6, a redox potential of
approximately �400 mV and sulphate concentrations up to
400 mg/L, between 7 and 14 days of inoculation.

Since in some biodegradation experiments, FLX was expected to
be the only carbon source it was necessary to perform previously a
washing step to eliminate the carbon source (lactate). For this
purpose, the enriched inoculum was centrifuged at 2500�g for
10 min at room temperature, the supernatant was discarded, and
the pellet re-suspended using the Postgate B without lactate or
MSM. This procedure was repeated twice.

2.2. Biodegradation of FLX

Anaerobic cultures were prepared to evaluate the performance
of the obtained bacterial community in terms of degradation of FLX.

The cultures were performed using 10% (v/v) of the previously
enriched inoculum on three different media spiked with FLX:

(i) a modified Postgate B medium (approximately pH 7) used to
growth SRB, composed by 0.5 g/L KH2PO4, 1 g/L NH4Cl, 1 g/L
Na2SO4, 1 g/L yeast extract, 0.1 g/L ascorbic acid, 0.1 g/L thi-
oglycolic acid, 2 g/L MgSO4.7H2O and 7.75 g/L of the carbon
source C3H5O3Na (concentration of carbon source used in the
standard Postgate B medium composition, thus the one that
is considered the preferred for SBR growth) e sodium lactate
and spiked with 20, 50 and 100 mg/L FLX;

(ii) a modified Postgate B medium without sodium lactate as
carbon source but spiked with 20 and 50 mg/L FLX as sole
carbon source (approximately pH 7). The concentration of
100mg/Lwas not used in (ii) because in the previous assay (i)
it was observed that this specific SRB community was not
favoured by this drug concentration;

(iii) MSM (approximately pH 7), a mineral salt medium a non-
specific medium without carbon compounds which was
composed by 0.5 g/L K2HPO4, 0.5 g/L KH2PO4, 0.01 g/L NaCl,
0.2 g/L MgCl2.6H2O, 0.02 g/L CaCl2, 0.0004 g/L ZnSO4.7H2O,
0.0004 g/L CoCl2.6H2O, 0.0003 g/L MnSO4.H2O, 0.01 g/L EDTA
and 0.0003 g/L (NH4)6Mo7O24.4H2O spiked with 50 mg/L
FLX. The concentration of 50 mg/L FLX was chosen, since it
was the highest one in which the SRB community grew, to
check the bacteria that were able to degrade the drug and,
also to evaluate the community behaviour without being
under the sulphate reducing conditions as studied in the
points (i) and (ii).

High concentrations of the drug were used to elucidate about
the behaviour of the anaerobic consortium obtained under these
conditions, and also to avoid that FLX could be growth limiting in
the experiments where the drug was used as unique carbon source.

Another point is that if bacteria can degrade these higher con-
centrations, thus more effective may be the removal at much lower
concentrations. This can be stated because despite the bacteria may
prefer the available and easier to degrade carbon source in a me-
dium such as wastewater rich in carbon sources, according to the
BioWin predictive model, at these high concentrations it can be
inferred that bacteria may be able to use this drug as carbon and/or
energy source even in a complex medium [42].

All media were autoclaved (120 �C for 45 min) and cooled to
room temperature before the addition of FLX and inoculation, to
prevent drug’s degradation by heat. A stock solution of 1000 mg/L
FLX was prepared in a volumetric flask of 250 mL. To dissolve the



Fig. 2. Illustration of the initial enrichment to favour the SRB community with the anaerobic sludge collected from Faro East WWTP’s lagoon system (anaerobic pond) (A) and the
aspect of the inoculum used in the biodegradation assay, after 3 subcultures (B). The cultures in use were kept at room temperature.
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powder about 150 mL of methanol was used and then the volume
was completed with milliQ water. To achieve each required con-
centration, the stock solution was added to the media using a
polyethersulfone (PES) syringe filter of 0.2 mm pore size from VWR
(Leuven, Belgium) to avoid contamination in sterile conditions.

Negative controls were performed in the same manner as the
biotic experiments, for all tested media to evaluate the eventual
interactions of the drug with the medium or sludge (sorption).
Moreover, to evaluate the possible adsorption of FLX onto the
sludge used as inoculum, the sludge was autoclaved (120 �C for
45 min) to inactivate it, in Postgate B spiked with 20 and 50 mg/L
FLX and in MSM media with 50 mg/L of this drug.

All the assays were carried out in triplicates, in dark conditions
(to avoid photodegradation) at room temperature (25 ± 2 �C) and at
atmospheric pressure without stirring. To create anaerobic condi-
tions, a layer of liquid paraffin was added to cultures, acting as a
barrier to prevent oxygen exchanges and the batch flasks were
sealed with butyl rubber stoppers and aluminium crimp seals to
avoid air intake into the flask.

The experiments in modified Postgate B were maintained for 31
days, more than the time to assure high SRB activity and total
reduction of the sulphate in the growth media, according to the
experience of the research group with these bacteria, namely for
acid mine drainage bioremediation purposes [38e41]. The assays in
MSM, a non-specific medium for SRB growth, were performed and
maintained for 28 days, to verify which bacteria from the con-
sortium other than the SRB could be able to use FLX as a carbon
source. The formation of the putative metabolic products was also
analysed during the degradation process (data not shown).

The summary of experimental set-ups used to evaluate FLX
biodegradation is presented in Table 2.
4

Aiming to evaluate the SRB activity, 7 mL of each culture sample
was collected using a syringe with a hypodermic needle for further
analysis. The pH, redox potential (Eh), sulphate, OD600nm and
chemical oxygen demand (COD) were immediately measured after
collection. Fractions of 4 mL of each triplicate were stored at�20 �C
for further DNA analysis. The cultures in Postgate B weremonitored
for pH and Eh using a GLP 21 pH meter, Crison (Barcelona, Spain).
Sulphate concentration was determined by applying the sulfaVer4
method from Hach-Lange (Düsseldorf, Germany) through molec-
ular UV/Visible spectroscopy at 450 nm using a Hach-Lange™ DR
2800 spectrophotometer (Sk€ondal, Sweden). The bacterial growth
was measured by OD performed at 600 nm in a Hach-Lange™ DR
2800 spectrophotometer (Sk€ondal, Sweden).
2.3. Quantification of FLX by high performance liquid
chromatography (HPLC) analysis

For the analysis, samples were prepared and separated as
described in Ref. [43]. To analyse the biodegradation of FLX an HPLC
analysis was performed using an isocratic method. The mobile
phase consisted of acetonitrile (ACN):water (75:25, v/v) adjusted to
pH 2.87 with orthophosphoric acid (85%) with a flow rate of 1.0 mL/
min, a total run time of 7 min and the column was maintained at
room temperature. The eluents used were all HPLC grade provided
by VWR Prolabo Chemicals (Fontenay-sous-Bois, France). The in-
jection volumewas 20 mL and awavelength of 204 nmwas used for
detection.

Specific standard calibration curves were constructed for each
experiment to determine the concentrations of FLX (fluoxetine
hydrochloride, solid, purity �98%, Sigma-Aldrich (Deisenhofer,
Germany)) in the corresponding samples. The concentration ranges



Table 2
Summary of the assays used to evaluate FLX biodegradation.

Conditions Inoculum source Carbon sources

Growth media For Respiration Autoclaved inoculum Anaerobic sludge (Faro’s East WWTP) Lactate (mg/L) FLX (mg/L)

Modified Postgate B Anaerobic - ✓ 7750 -
Modified Postgate B Anaerobic ✓

✓

✓

✓

✓

✓

7750 20
50
100

Modified Postgate B Anaerobic ✓

✓

✓

✓

- 20
50

MSM Anaerobic ✓ ✓ - 50

✓ ¼ tested; - ¼ not added.
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of FLX standards prepared with the respective medium were from
0.1 to 200 mg/L of the drug.

The limits of detection (LOD) were determined based on the
series of measurement results for the standard solutions with the
three lowest concentrations. A LOD of 0.26mg/L FLXwas estimated.
Based on the relationship LOQ (limit of quantification) ¼ 3 � LOD,
the obtained LOQ was 0.78 mg/L FLX. The obtained working range
was of 0.78 ÷ 100 mg/L.

2.4. Statistical analysis of data

One-Way ANOVA (Single Factor) tests using Excel Data Analysis
Tools were performed to evaluate the differences between the
triplicates of cultures with inoculum in the absence or presence of
the drug and the correspondent negative control (inactivated
inoculum), with a significance level (a) of 0.05. The ANOVA reports
are presented in Figs. 3S and 4S of Supplementary Material.

2.5. Fluoxetine biodegradation kinetics

The removal efficiency (%) was determined using (Equation 1):

FLX removal efficiency ð%Þ¼ C0 � Ct
C0

� 100 (1)

where C0 is the initial concentration of FLX at t¼ 0 and Ct is the drug
concentration over the assay, determined at 204 nm.

Assuming, that the biodegradation of FLX follows a pseudo-first
order kinetics, the experimental data were fitted in the equation

Ct ¼C0 � e�Kappt (2)

where kapp is the kinetic constant for degradation, C0 and C are
the concentrations of the drug at time zero and at a given time,
respectively and t is the experimental time (days). In the cases,
where the drug was not detectable, the final concentration was
given by the lowest value detected (LOD), to estimate the kinetic
parameters. The estimation of half-life of fluoxetine is defined by
the time necessary for drug decay from the initial value to 50% and
is given by

t1 =

2
¼ 0:693

Kapp
(3)

Kapp is the estimated apparent pseudo-first order degradation rate
constant [41].

2.6. Evaluation of fluoxetine effect on chemical oxygen demand
(COD)

COD (mg O2/L) is a measure of water and wastewater quality.
This parameter was analysed during the assays in the presence and
5

absence of FLX aiming to evaluate its contribution for COD and the
impact of this drug on the removal of the organic material present
in anaerobic experiments. Initial and final values were collected
using a syringe with a hypodermic needle just after inoculation and
after 7, 14, 28 and 31 days of incubation, respectively. COD mea-
surements were carried out following the procedure described in
Palma et al. [43].
2.7. Sorption studies of FLX onto inactivated sludge

The adsorption experiments were performed as described in
section 2.2. of Material and Methods. To study the sorption mech-
anism of FLX onto inactivated sludge, Langmuir and Freundlich
equilibrium adsorption isotherm models were applied. The Lang-
muir model is employed in cases where the adsorption of an ideal
monolayer takes place on a homogeneous surface [44], which is
expressed by:

Langmuir equation (4):

1
qe

¼ 1
qmax�KL�Ce

þ 1
qmax

(4)

where qeis the amount of FLX adsorbed at equilibrium (mg/g) and
Ce corresponds to the drug concentration at equilibrium in the
medium (mg/L).

In the Langmuir equation, qmax (mg/g) is the measure of
adsorption capacity/efficiency under the experimental conditions
and BLis a constant related to the free energy of adsorption [44].

The Freundlich isotherm generally fits on a nonideal adsorption
on heterogeneous surfaces and multilayer sorption, where theo-
retically exist a great and many diverse kinds of accessible sites
acting simultaneously, each with a different free energy of sorption
[45], which is expressed by:

Freundlich equation (5):

log qe ¼ log KF þ
1
n
log Ce (5)

The Freundlich treatment uses the parameters: (1/n) which is an
empirical constant where the value of n, reveals the adsorption
intensity (bonding energy) also allowing to understand the sorp-
tion process, and KF (mg/g) which is related to adsorption capacity
[45].

The experimental data fit into a pseudo-second order kinetic
rate law thus, the study of biosorption of FLX onto inactivated
sludge was carried out in the way proposed by Ho and McKay [46]
expressed by:

Equation for pseudo-second order rate (6):
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1
qt

¼ t
qeq

þ 1
K2�qeq2

(6)

where qeq and qt (mg/g) are the amounts of adsorbed FLX on the
biosorbent (sludge) at equilibrium and at time t, respectively and
the second order biosorption rate constant is given by K2 (g/
mg.day). Pseudo-second-order rate model assumes that chemical
sorption involves valency forces via sharing or exchange of elec-
trons between the sorbent and sorbate and this is the rate-limiting
step [46,47].

2.8. Molecular characterization of FLX degrading bacterial
communities

The microbial dynamics was studied through a massive
sequencing of 16S rRNA genes on anaerobic cultures, to identify
taxa putatively involved in the degradation of FLX and/or its me-
tabolites. Microbial communities were studied along the anaerobic
experiments, in cultures of Postgate Bmediumwith 20 and 50mg/L
FLX and MSM of 50 mg/L of FLX in which the drug was used as sole
carbon source. The three replicates correspondent to each experi-
ment, condition and date of culture were pooled together. Thus, to
identify microorganisms putatively capable of degrading FLX, the
DNA was extracted, analysed, and sequenced as described in
Ref. [43].

The raw massive sequencing data from 16S rRNA gene ampli-
cons generated in this work was archived in the NCBI Sequence
Read Archive (SRA) database under SRA study SRP159619 and
BioProject PRJNA486835 repository, https://www.ncbi.nlm.nih.
gov/sra/SRP159619; https://submit.ncbi.nlm.nih.gov/subs/
bioproject/SUB4426770/overview.

3. Results and discussion

3.1. Anaerobic biodegradation of FLX

The anaerobic cultures used in the biodegradation experiments
started by an inoculum of a bacterial community from a Faro’s East
WWTP lagoon system sludge which was previously enriched in
modified Postgate B medium under anaerobic conditions for 7 days
to favour the growth of SRB. The SRB are a unique physiological
group of prokaryotes because they have the ability of using sul-
phate as the final electron acceptor in respiration [48], that can be
found in many reduced environments, such as anaerobic sludge
[49]. SRB were found to grow on environmental contaminants such
as petroleum hydrocarbon (PHC) constituents (e.g., benzene,
toluene, ethylbenzene, xylenes, naphthalene, phenanthrene, and
alkanes) and halogenated compounds [49e52]. Thus, in the present
work, the obtained anaerobic community was tested for its FLX
biodegradation ability.

3.1.1. Cultures in the presence of sodium lactate and FLX as
supplementary carbon source under anaerobic conditions

Initially, FLX removal was studied in anaerobic cultures, where
20, 50 and 100 mg/L of the drug was added simultaneously with
7.75 g/L of sodium lactate (carbon source used in the standard
Postgate B medium composition) [53] under sulphate reducing
conditions as described in Table 2.

The effect produced by FLX on the growth and activity of SRB
consortium was evaluated. Thus, simultaneously with the mea-
surement of the bacterial growth given by the OD600nm, sulphate
concentration (Fig. 3) and activity parameters such as pH, Eh (Fig.1S
of Supplementary material) and FLX concentrations were analysed
during the experiments, in order, to investigate the drug removal by
6

the SRB anaerobic consortium (Fig. 3).
The obtained experimental data for FLX degradation in the

presence of lactate by the anaerobic community fit a kinetic of
pseudo-first order due to the linear behaviour with a correlation
coefficient (R2) between 0.80 and 0.92 (Table 3) and this occurs
when the rate of the process is proportional to the concentration of
only one reactant despite the involvement of other reactant species
in the reaction.

The pH of SRB cultures media spiked with 20, 50 and 100 mg/L
FLX was adjusted to approximately 7 (Fig. 1Sa of Supplementary
material). The pH values remained constant throughout the
experiment for all the drug concentrations tested and were within
the optimum pH range for SRB growth which are between 5 and 8
[48,53,54].

In the cultures of SRB without and in the presence of 20 and
50 mg/L of the FLX, the Eh of the media started around �100 mV
and decreased over the course of the days reaching �400 mV,
indicating SRB activity and consequent reduction of sulphate into
sulphide. In the cultures spiked with 100 mg/L of FLX, the decrease
of Eh was up to �200 mV remaining practically constant afterward
(Fig. 1Sb of Supplementary material). This is corroborated by a
slight decrease in sulphate concentration and is associated to a
lower bacterial growth and activity.

In the anaerobic cultures (mainly constituted by SRB) spiked
with 20 mg/L FLX, the sulphate reduction into sulphide was about
83 ± 1%, therefore significantly faster (p < 0.05) than in positive
cultures without the drug (75 ± 3%), after 14 days of incubation.

However, the reduction of sulphate into sulphide in a concen-
tration of approximately 500 mg/L S2�was similar for both 20mg/L
FLX and positive control cultures, with values of about 98.0% ± 0.2%
corresponding to a removal rate of 0.166 ± 0.004 d�1,
R2 ¼ 0.92 ± 0.02 and 97 ± 1% with a removal rate of 0.14 ± 0.02 d�1,
R2 ¼ 0.95 ± 0.07, respectively after 28 days of assay (Fig. 3a). The
enhanced sulphate reduction in the presence of 20 mg/L of FLX can
be explained by the fact that at this concentration the drug can also
serve as complementary carbon source for bacterial growth in
addition to lactate, although further studies are needed to com-
plement this statement. Kleikemper et al. [49] already described
that some SRB were able to use a variety of organic carbon sources,
and the enhanced sulphate reductionwas concomitant with carbon
source degradation. Agreeing with the previous results, it was at
20 mg/L FLX that occurred the highest and fastest bacterial growth
given by an OD600nm of 0.75 ± 0.03, after 14 days, while in the
positive control without drug the bacterial growth was of
0.69 ± 0.02, after 14 days (Fig. 3b). At 20 mg/L FLX concentration,
the most of the drug’s degradationwas observed during the growth
phase, reaching removal values below the LOD at the end of the
stationary phase after 21 days of assay (Fig. 3b). The removal effi-
ciency was assumed to be almost total since the drug’s limit of
detection was reached at a rate of 0.249 ± 0.004 d�1 with a R2 of
0.80 ± 0.06 (Table 3), following a pseudo-first order kinetics, after
21 days of incubation. The estimated FLX’s half-life (t1/2) was of
2.79 ± 0.04 days. The results obtained at this FLX concentration
showed a significant (p < 0.05) drug removal when compared with
the correspondent negative controls (inactivated inoculum), thus
representing non-significant contribution of the adsorption
mechanism (Table 3).

For cultures with 50 mg/L FLX, the sulphate concentration
decreased significantly (p < 0.05) during the assay, with percent-
ages of 41 ± 5%, 52 ± 2% and 76 ± 4%, after 14, 21 and 28 days of
experiment (Fig. 3a). The sulphate removal rate was of
0.054 ± 0.006 d�1 and R2 of 0.96 ± 0.02. The maximum value of
bacterial growth obtained for cultures spiked with 50mg/L FLX was
given by an OD600nm of 0.39 ± 0.05, after 21 days of assay (Fig. 3b).
At this concentration of FLX the removal of the drug occurred

https://www.ncbi.nlm.nih.gov/sra/SRP159619
https://www.ncbi.nlm.nih.gov/sra/SRP159619
https://submit.ncbi.nlm.nih.gov/subs/bioproject/SUB4426770/overview
https://submit.ncbi.nlm.nih.gov/subs/bioproject/SUB4426770/overview


Fig. 3. Representation of sulphate concentration (a) and a combined representation of bacterial growth in the principal axis and removal efficiency in percentage in the secondary
axis (b) in the presence of FLX over 28 days of assay. Values are expressed as the mean ± standard deviation (n ¼ 3). * values of FLX concentration below the LOD of 0.26 mg/L.

Table 3
FLX biodegradation kinetic constants (K, d�1) and half-life (t1/2, days) were determined for cultures spikedwith FLX in the presence of lactate during incubation time of 28 days.

Fluoxetine (mg/L) Linear equation K (d�1) R2 t1/2 (half-life, days)

20 y ¼ 0.249 ± 0.004x e 1.3 ± 0.1 0.249 ± 0.004 0.80 ± 0.06 2.79 ± 0.04
50 y ¼ 0.21 ± 0.02x e 1.3 ± 0.2 0.21 ± 0.02 0.87 ± 0.08 3.3 ± 0.4
100 y ¼ 0.09 ± 0.07x þ 0.6 ± 0.4 0.09 ± 0.07 0.92 ± 0.08 13 ± 8
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mainly in the exponential phase. However, from the 7th to the 14th,
the consortium appeared to achieve a stationary phase that
occurred likely due to an adaptation process which is later
explained by the bacterial community shift. Nevertheless, FLX
continued to be removed even after the bacterial growth had
cessed and was assumed to be already completed in the decline
phase after 28 days (Fig. 3b). The removal efficiency was assumed to
be almost complete since the drug’s LOD was reached, at a rate of
0.2 ± 0.02 d�1 with a R2 of 0.87 ± 0.08 (Table 3), after 28 days of
incubation.

In the negative control with 50 mg/L FLX the drug removal
decreased from 42 ± 12% after 21 days to 14 ± 2% after 28 days of
incubation, which may be due to desorption of the drug, or to
chemical interactions between FLX and the culture medium com-
pounds. Despite this, the adsorption of the drug to the sludge was
also non-significant at 50 mg/L of FLX compared with the cultures
with inoculum at the same drug concentration.

Moreira et al. [27] described a system where FLX was removed
through adsorption and a mechanism of adsorption and desorption
during a reactor operation.

For cultures with 100 mg/L FLX, sulphate reduction was not
significant (p > 0.05) as indicated by the values obtained: 12 ± 2%
after 28 days of incubation, which corresponds to a very low
removal rate of 0.0014 ± 0.0009 d�1. This is in agreement with the
low OD600nm values 0.23 ± 0.06 after 21 days of experiment
(Fig. 3b). In the negative control (inactivated inoculum) inwhich no
bacterial activity was expected, there was neither a significant
sulphate reduction nor bacterial growth (Fig. 3a and b). From the
results it can be inferred that the SRB bacteria were not growing at
100 mg/L FLX and that this concentration seems to be toxic to this
specific group of bacteria. However, other bacteria resistant to FLX
may have arisen in the community. The removal efficiency was
assumed to be 76% at a rate of 0.09 ± 0.07 d�1 with a R2 of
0.92 ± 0.08%. Thus the hypothesis that another bacteria than SRB
7

were growing can be supported by the fact that 76 ± 2% of 100mg/L
of FLXwas removed andwas significantly higher (p< 0.05) than the
corresponding negative control with inactivated sludge (60 ± 2%),
after 28 days of assay (Fig. 3b). However, in this case it seems to
have been a contribution from both adsorption mechanism and
bacterial activity (biodegradation processes).

Although the biodegradation appeared to not have been due to
SRB activity, other bacteria belonging to this community may be
involved in the removal of FLX, thus, being responsible for the
drug’s biodegradation.

3.1.2. Cultures in the presence FLX as sole carbon source under
anaerobic conditions

Several studies demonstrated that organic compounds can be
used either as carbon source and/or as terminal electron acceptors
for bacterial growth [43,52,55e57]. The enriched community con-
taining SRB inoculumwas cultured in Postgate B (sulphate reducing
conditions) spiked with 20 and 50 mg/L FLX as unique carbon
source, in anaerobic conditions, to study the ability of this con-
sortium to growth and use FLX. Negative (mediumwith inactivated
sludge) and positive (medium with lactate) controls were also
performed (Table 2).

Simultaneously the drug removal (use as only carbon source) by
the anaerobic consortium was investigated (Fig. 4).

The experimental data for FLX degradation when the drug was
used as sole carbon source fitted a kinetic of pseudo-first order due
to the linear behaviour with correlation coefficients (R2) varying
between 0.79 and 0.90 (Table 4).

The pH remained neutral (about 7) for all the tested FLX con-
centrations and positive control (Fig. 2Sa of Supplementary mate-
rial). The redox potential of the culture media spiked with 20 and
50 mg/L FLX as unique carbon source and of the positive control,
evolved from �100 mV to values between �350 and �400 mV,
which showed the SRB activity (Fig. 1Sb of Supplementary



Fig. 4. Representation of sulphate concentration (a) and a graphical combination of bacterial growth in the principal axis and removal efficiency in percentage in the secondary axis
(b) in the presence of FLX as unique carbon source over 31 days of assay. Values are expressed as the mean ± standard deviation (n ¼ 3). *values of FLX concentration below the LOD
of 0.26 mg/L.

Table 4
FLX biodegradation kinetic constants (K, d�1) and half-life (t1/2, days) were determined for cultures spiked with FLX as unique carbon source during the incubation time of 31
days.

Fluoxetine (mg/L) Linear equation K (d�1) R2 t1/2 (days)

20 y ¼ 0.2 ± 0.1x e 2 ± 1 0.2 ± 0.1 0.73 ± 0.12 6 ± 5
50 y ¼ 0.03 ± 0.01x þ 0.2 ± 0.1 0.03 ± 0.01 0.87 ± 0.09 26 ± 13
50MSM y ¼ 0.05 ± 0.02x þ 0.5 ± 0.1 0.05 ± 0.02 0.90 ± 0.02 16 ± 5
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material).
For the SRB cultures in the presence 20 mg/L FLX it was verified

that the progression of sulphate reduction was slower at a removal
rate of 0.17 ± 0.06 d�1, R2 of 0.94 (completed only after 28 days),
while in the positive control, the sulphate was reduced at residual
concentrations with a removal rate of 0.211 ± 0.009 d�1, R2 of 1,
after 14 days of incubation (Fig. 4a). At this concentration of FLX the
bacterial growth was given by an OD600nm of 0.40 ± 0.02 after 5
days, remaining constant until the 14th day. After that time, there
was an increase in the bacterial growth up to OD600nm values of
0.62 ± 0.08 after 31 days of incubation (Fig. 4b). It should be noted
that the OD600nm values of the positive control displayed their
maximum of 0.69 ± 0.02 after 14 days (Fig. 4b). The behaviour
showed by the growth curve of the cultures in the presence of
20 mg/L FLX may be due to an adaptation of the consortium to the
drug as carbon source. In the cultures spiked with 20 mg/L FLX the
drug removal percentages were of 28 ± 10%, 44 ± 9%, 69 ± 12% and
undetected values below the LOD, after 5, 21, 28 and 31 days of
incubation, respectively with a removal rate of 0.2 ± 0.1 d�1 with R2

of 0.79 ± 0.1 (Fig. 4b). These results reveal that FLX maximum
degradation occurred during the exponential phase, even though
what appeared to be a kind of stationary phase between the 5th
and 14th day, was likely an adaptation period, as demonstrated by
the OD600nm values at 20 mg/L of FLX (Fig. 4b). At 20 mg/L FLX the
drug removals increased significantly (p < 0.05) compared with the
negative controls (6 ± 3%, 15 ± 2%, 12 ± 4% and 11 ± 5%) during the
course of the experiment, suggesting bacterial degradation of FLX.

On the other hand, for cultures spiked with 50 mg/L of FLX, the
percentage of sulphate reduction was 31 ± 4% at a removal rate of
0.009 ± 0.001 d�1, R2 of 0.94 ± 0.01, after 31 days of experiment
(Fig. 4a). Although sulphate reduction was not significant during
8

the experiment, the OD600nm values were of 0.56 ± 0.02 and
0.49 ± 0.05 after 5 and 31 days, respectively, remaining always
constant during the assay and meaning that bacterial consortium
growth occurred (Fig. 4b). At 50 mg/L FLX the percentages of drug
removal obtained for the inoculated tests (31 ± 4% and 42 ± 2%)
were not significantly different (p > 0.05) from the negative con-
trols (17 ± 8% and 32 ± 7%), after 5 and 14 days of incubation,
respectively. However, during the remaining incubation period, the
percentages of FLX removal were of 60 ± 4%, 65 ± 12% and 66 ± 9%
and significantly higher (p < 0.05) than in the negative controls
(27 ± 1%, 6 ± 3% and 6 ± 5%) (Fig. 4b). Following a pseudo-first
order, FLX was removed by the consortium with an efficiency of
approximately 66% at a rate of 0.03 ± 0.01 d�1 with a R2 of
0.87 ± 0.09, with a half-life (t1/2) of 26 ± 13 days. The removal of the
drug continued after the end of the exponential phase (7th day)
and continued during the stationary phase until the last day (31st)
of assay (66 ± 9%) (Fig. 4b). These results are in accordance with
those obtained for bacterial growth and activity, despite the low
sulphate reduction at 50 mg/L FLX (Fig. 4a and b). At this concen-
tration NFLX, a secondary metabolite generated during the FLX
biodegradation experiment (data not shown), was detected.

Once more, these results suggest the possible growth of other
bacteria than SRB, that belong to the consortium and were able to
grow and use that concentration of FLX as carbon source.

As expected in the negative controls the redox potential
remained above �100 mV and the OD600nm did not suffer changes
remaining very low (OD z 0.1). Also, the sulphate was not con-
verted along the 31 days of assay (Fig. 4a and b).

As described in the Material and Methods section, this com-
munity was also cultured in MSM, an inorganic medium, spiked
with 50 mg/L of FLX used as the only carbon source available
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(Table 2). The assay with this non-specific medium and without
being under sulphate reducing conditions was performed to
evaluate which bacteria from this community other than SRB can
growth in the presence of this drug. In this assay it was possible to
verify bacterial growth with OD600nm values of 0.47 ± 0.03 and
0.45 ± 0.07 were observed after 5 and 28 days of incubation
(Fig. 4b). Also, the Eh decreased from 261 mV to �300 mV (data
not shown) revealing that some activity of SRB appeared to occur,
although the medium was not specific for their growth.

In the case of the inoculated cultures in MSM spiked with
50 mg/L FLX, the removal of FLX was of 58 ± 1%, thus significantly
higher (p < 0.05) than in the negative control (inactivated inoc-
ulum), which was 33 ± 4%, after 5 days of experiment. The
removal achieved in the inoculated cultures (66 ± 8%) was not
significantly different (p > 0.05) from the results obtained in the
negative control (54± 14%), after 21 days of experiment. However,
in these cultures the removal was about 82 ± 8% with a removal
rate of 0.05 ± 0.02 with a R2 of 0.90 ± 0.02, which is significantly
higher (p < 0.05) compared with the result of the inactivated
inoculum (53 ± 5%), after 28 days of assay (Fig. 4). The half-life (t1/
2) of the drug in these conditions was of 16 ± 5 days. Thus, the
results in MSM medium suggest that in addition to biodegrada-
tion other mechanisms such as adsorption to the sludge, or drug
interactions with the medium components, may have a contri-
bution for FLX removal.

Despite this, it seems that the SRB present in this consortium
were not the only bacteria involved in FLX removal, once it was
possible to observe bacterial growth and activity in Postgate B
cultures even when sulphate was not reduced, as well as in the
MSM cultures. As demonstrated by the identification and char-
acterization of the bacterial populations using 16S rRNA gene
sequencing, other microorganisms than SRB, initially less abun-
dant in the inoculum, may have been directly, or indirectly,
responsible for the observed FLX removal.

3.1.3. Effect of FLX on COD degradation
COD was evaluated for all the biodegradation experiments

performed in cultures with both lactate and FLX and with the
drug as unique carbon source, the obtained values did not include
biomass formation (Table 5).

The effect of FLX on COD values was practically null, since the
values were similar measured in the culture media before the
addition of FLX, prior inoculation, and after inoculation in the
presence of the drug, of 2326 mgO2/L and 2329 mgO2/L, respec-
tively. In the experiments where bacteria grew only in the pres-
ence of lactate as unique carbon source (positive controls) the
initial values of COD were 2404 mgO2/L and during the assay only
approximately 3.5 ± 0.3% was removed after 31 days (Table 5). In
all the negative controls no COD removal was detected.

The initial values of COD in the cultures with both FLX and
lactate were 2349 mgO2/L, 2336 mgO2/L, 2340 mgO2/L and 2330
mgO2/L at 20, 50 and 100 mg/L FLX, respectively, although they
remained practically constant (without significant removal) dur-
ing all the experiment (Table 5).

When FLX was used as sole carbon source, the initial values
were 1425 mgO2/L, 1499 mgO2/L and 475 mgO2/L for 20, 50 mg/L
FLX in Postgate B without lactate and 50 mg/L FLX in MSM,
respectively. During the experiment it was observed that COD
removal efficiency progressively increased to 37 ± 10%,
25.27 ± 0.02% and 28 ± 20% at 20 and 50 mg/L FLX under sulphate
reducing conditions and at 50 mg/L FLX in MSM, respectively,
after 31 days of assay. The highest removal percentages of COD,
45 ± 4% and 37 ± 8%, were obtained in the cultures of MSM with
50 mg/L FLX, after 14 and 28 days of incubation (Table 5).

The incubation occurred in batch without stirring, these



Table 6
The constant values obtained from Langmuir and Freundlich isotherms models on FLX adsorption onto sludge at experimental conditions.

Carbon source [FLX] (mg/L) Langmuir isotherm model Freundlich isotherm model

BL (L/mg) qm�ax (mg/g) R2 LogKf (L/mg) Kf (mg/g) nf R2

FLX
þ
Lactate

20 �0.08 1.15 0.9935 4.81 6.5 � 104 �0.30 0.998
50 �0.03 2.99 0.9517 5.84 6.9 � 105 �0.34 0.984
100 �0.03 19.61 0.9738 3.73 5.4 � 103 �0.83 0.994

FLX (without lactate) 20 �0.06 0.24 0.9582 11.74 5.50 � 1011 �0.11 0.9857
50 �0.03 1.38 0.5247 11.93 8.5 � 1011 �0.14 0.8528
MSM50 �0.07 9.61 0.9565 3.12 1.32 � 103 �0.81 0.989
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conditions may be unfavourable for a complete COD removal, since
as is well known, processes without recirculation could be inef-
fective in soluble organic compounds removal [58,59]. The anaer-
obic cultures where both FLX and lactate were used presented
negligible removal percentages of COD likely due to an excess of
lactate which possibly was not all consumed by bacteria, which in
addition to the presence of FLX could generate an overload of
organic compounds, plus the products generated by the bacterial
growth and metabolism. However, in cultures where FLX was used
as unique carbon source a decrease of COD was verified.

This led to the following possible explanations: (i) the unfav-
ourable conditions of the experiment (without stirring and recir-
culation) for COD removal; (ii) excess of carbon sources which are
not all being consumed by bacteria; and (iii) the presence of slow
degradable organic compounds (such as the metabolites generated
by FLX degradation, e.g. NFLX) [43].

3.1.4. Sorption studies of FLX onto inactivated sludge
To investigate the interactions of the adsorbate (FLX) onto the

adsorbent surface (sludge), the Langmuir and Freundlich equilib-
rium isotherms were estimated for FLX adsorption on the inacti-
vated sludge for all the experimental conditions tested (Table 6).

As shown in Table 1, FLX has certain physico-chemical proper-
ties that tend to favour sorption interactions. In addition, another
characteristic that suggests interactions between sludge and drug
rely on the fact that FLX is positively charged while the sludge is
typically negatively charged at pH 7. Despite all these favourable
conditions the sorption mechanism does not occur always in the
same way.

To elucidate about the adsorption capacity of the adsorbent
(inactivated sludge) and the equilibrium interactions between the
drug (adsorbate) and sludge (adsorbent), equilibrium analysis us-
ing Langmuir and Freundlich isotherms were performed. The
Langmuir and Freundlich isotherms parameters, can be determined
by a regression of the experimental data giving a ratio between the
quantity adsorbed and the remaining in solution at equilibrium. A
higher Langmuir constant (BL) indicates that there is a strong
interaction/affinity between the adsorbate and adsorbent, while a
smaller value suggests weak interactions. In this case, the Langmuir
model did not fit the obtained experimental data since a negative
intercept was obtained, which is considered physically impossible
Table 7
Sorption kinetics of FLX onto inactivated sludge was studied applying a pseudo-second o

Carbon source [FLX] (mg/L) Pseudo-second order kinetics

Equation

FLX
þ lactate

20 y ¼ 0.0820 ± 0.0007x þ 1.19 ± 0.08
50 y ¼ 0.11 ± 0.05x e 0.2 ± 0.4
100 y ¼ 0.020 ± 0.007x þ 0.11 ± 0.06

FLX (without lactate) 20 y ¼ 0.4 ± 0.1x þ 1.6 ± 0.9
50 y ¼ 0.7 ± 0.4x e 5 ± 4
MSM50 y ¼ 0.031 ± 0.001x þ 0.17 ± 0.04
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[60], despite the good linearity and the high correlation co-
efficients, R2 > 0.95, with exception of cultures Postgate B with
50 mg/L FLX, where the R2 was 0.5247 (Table 6). This can occur due
to the energetic heterogeneity of adsorption sites in an adsorbate
such as sludge that is mainly constituted by cells and organic
compounds that could contribute to the obstruction of adsorption
sites, decreasing the binding energy between the surfaces [61].

However, the values of qm�ax (mg/g) which are the measure of
adsorption capacity under the experimental conditions display
values that seem to agree with the removal percentages obtained in
the inactivated sludge. For example, at 100 mg/L FLX, where the
highest removal was verified (60 ± 2%), qm�ax was also the highest
19.61 (mg/g) (Table 6), the same trend for MSM spiked with 50 mg/
L FLX where the removal was 53 ± 5% and qm�ax was 9.61.

The parameters for Freundlich isotherm model were deter-
mined and the adsorption intensity or bonding energy given by (n)
was always negative thus, less than 1, suggesting that the adsorbent
(sludge) presents a higher interaction for the solvent than for the
sorbent (FLX), generating an unfavourable adsorption. However,
the values of KF that indicate the adsorption intensity/capacity
(high KF greater the adsorption intensity) are extremely high,
revealing a strong capacity for FLX adsorption onto sludge. Once
more it seems that the sorption process does not fit the assumption
of Freundlich approach, and a possible explanation is that this
model is not suitable at high concentrations. An important limita-
tion of the Freundlich equation is that it does not describe a limit in
adsorption capacity; theoretically, the amount adsorbed may be
infinite as solute concentration increases [62].

It can be concluded that current adsorption data does not match
neither with Langmuir nor Freundlich models.

3.1.5. Adsorption kinetics of FLX onto inactivated sludge
The experimental data fit into a pseudo-second order rate law,

thus the kinetic study of FLX biosorption onto inactivated sludge
was carried out in the way proposed by Ho and McKay [46], where
qeq and qt (mg/g) are the amounts of adsorbed FLX on the bio-
sorbent (sludge) at equilibrium and at time t, respectively and the
second order biosorption rate constant is given by K2 (g/mg.day).
This model assumes that chemical sorption involves valency forces
via sharing or exchange of electrons between the sorbent and
sorbate and this is the rate-limiting step [46,47]. The obtained
rder rate proposed by Ho and McKay [46].

K2 (g/mg.day) qeq (mg/g) qeq, experimental (mg/g) R2

0.0056 ± 0.0003 12.2 ± 0.1 6 ± 2 0.92 ± 0.07
�0.02 ± 0.04 11 ± 6 12 ± 4 0.92 ± 0.06
0.005 ± 0.004 56 ± 23 41 ± 11 0.94 ± 0.09
0.1 ± 0.1 3 ± 1 2 ± 1 0.94 ± 0.03
�0.09 ± 0.04 2 ± 2 7 ± 5 0.85 ± 0.09
0.006 ± 0.002 31 ± 1 23 ± 5 0.87 ± 0.11



Fig. 5. The 25 most abundant bacteria (in percent) in samples collected along the experiment with SRB anaerobic cultures using Postgate B spiked with 20 mg/L FLX inoculated with
10% (v/v) of enriched sludge from the WWTP lagoon system. Each bacterium has both a broad group name (phylum) and more specific names (genus and/or family).
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results are presented in Table 7.
The experimental data show compatibility with the pseudo-

second order equation and the regression coefficients for the
linear plots were higher than 0.90 for all the inactivated cultures
with exception of both assays where 50 mg/L was used (Table 7).
Also, the equilibrium sorption capacity obtained using the intercept
of the equation give reasonable values suggesting that the sorption
process follows a pseudo-second order reaction (Table 7).

The value of qeq (mg/g) (sorption capacity at equilibrium) esti-
mated for inactivated cultures with Postgate B in the presence of
lactate and 20 mg/L FLX, was the double of the experimental ones
(maybe due to chemical interferences), while for the other inacti-
vated cultures the obtained qeq values were in accordance with the
experimental qeq,exp, since they are near the obtained experimen-
tally. As expected, the highest sorption capacity of 56 ± 23 mg/g
was achieved at 100mg/L FLX, where the removal percentage of the
drug (60 ± 2%) was also the highest, which suggests that FLX
adsorption onto inactivated sludge can play a role on drug’s elim-
ination at this high concentration of the drug.

3.2. Molecular characterization of the selected FLX biodegrading
communities and investigation of their dynamics by phylogenetic
analysis of 16S rRNA gene

Bacterial DNAwas extracted from the promising biodegradation
assays corresponding to Postgate B spiked with 20 and 50 mg/L FLX
as sole carbon source andMSM cultures with 50mg/L FLX as carbon
source.

The identification of the bacterial communities was performed
by 16S rRNA gene sequencing for bacterial identification using a 16S
rRNA amplicon sequence data for the V1-3 regions of the 16S rRNA.

The 25 most abundant bacterial groups were given in percent-
ages of 16 S rRNA gene amplicons (Fig. 5). Thus, the initial inoculum
from an enriched sulphate-reducing bacteria culture was mainly
constituted by two members of the genera Desulfomicrobium
(38.8%) and Desulfovibrio (22.9%) from the class Deltaproteobac-
teria. During the degradation of 20 mg/L FLX in Postgate B medium
a clear shift of the community occurred with a pronounced
decrease of the initial population. Thus, after 21 and 31 days of
assay the relative abundances of Desulfomicrobium were 1.9% and
1.6%, while for Desulfovibrio were 10.3% and 7.8%, respectively
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(Fig. 5). This indicates that Desulfomicrobium and Desulfovibrio
populations were affected by the presence of the FLX as only carbon
source.

Over the incubation time of the experiment in the presence of
20mg/L FLX, a gradual increase in the percentages of 16S rRNA gene
amplicons occurred for genera vadinBC27 wastewater-sludge
group, with 3.2% in the initial inoculum to 7.7% and 29.9% after
28 and 31 days of assay, respectively. In addition to vadinBC27
wastewater-sludge group, also the initial population of Macelli-
bacteroidetes (3.4%), Dethiosulfovibrio (2.4%), Bacteroides (1%),
Desulfobacter (0.1%), Tolumonas (0.3%), Sulfurospirillum (1.9%), Sul-
furicurvum (0%), f_Enterobacteriaceae_OTU_18 (0.3%), Alphaproteo-
bacteria_OTU_31 (0%), o__Desulfuromonadales_OTU_33 (0%)
increased to (11.7%, 9.1%, 6.9%, 6.4%, 4%, 6.8%, 4.4%, 5.7%, 1.3%, 0.6%)
and (5.9%, 7.1%, 3.1%, 1.9%, 1.2%, 4%, 2.8%, 9.2%, 3.2%, 1.2%) after 21
and 31 days of experiment, respectively (Fig. 5), suggesting that the
representatives of these genera in this population may be involved
in FLX and its metabolic products degradation. However, none of
these genera are described in the literature as FLX degraders.

In the inoculated cultures spiked with 20 mg/L FLX all the sul-
phate was reduced. That can be explained by the presence of the
resistant and bioactive SRB population mainly composed by
Desulfovibrio, Desulfomicrobium, Desulfobacter and Desulfobulbus,
which were initially of 22.9%, 38.8% 0.1% and 0.5%, whereas after 21
days of experiment their relative abundances were of 19.3%, 1.9%,
6.4% and 1% respectively (Fig. 5). It is important to mention that
Sulfurospirillum and Desulfuromonas are elemental sulphur
reducing bacteria, Dethiosulfovibrio is a thiosulphate or sulphur
reducing bacteria and Sulfuricurvum, species can derive energy
from the oxidation of elemental sulphur or sulphur reduced com-
pounds (sulphide, sulphite) [63].

To our knowledge, these bacteria herein identified as the most
abundant were not reported in literature as degrading FLX, never-
theless they were described in the literature as having capacity to
biodegrade other organic pollutants.

The genus vadinBC27 wastewater-sludge group was found for
the first time in a vinasse anaerobic digester [64]. The genera
vadinBC27 wastewater-sludge group together with Desulfovibrio,
Enterobacter and Desulfobulbus could contribute to the decompo-
sition of hardly-degradable organic pollutants in landfill leachate
[65], such as nitroaromatic pollutants reducing nitroaromatics to
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the corresponding aromatic amines [66]. However, in addition to
this information nothing more is found in the literature about the
genus vadinBC27wastewater-sludge group, but since its capacity to
degrade aromatic compounds was already reported, this genus
could be one of the major responsible for FLX decomposition at
20 mg/L FLX.

Zhang et al. [67] hypothesized that Macellibacteroides and
Desulfomicrobium were the key functional genera in anaerobic en-
vironments. Macellibacteroides and Desulfomicrobium were found
to work together in WWTPs processes with a high proportion of
textile dye wastewater from an industry. Zhang et al. [67] inferred
that within sewage treatment plants that treat dye industry
wastewater containing aromatic hydrocarbons, the dominant
genera of their anaerobic system would likely consist of aromatic
hydrocarbon degrading bacteria, predominantly fermentative ones,
such as Macellibacteroides, and sulphate and sulphur reducing
bacteria, such as Desulfomicrobium, Desulfovibrio, Desulfobacter,
Desulfuromonas, Sulfurospirillum.

Also, Tolumonas which were herein found among the 25 most
abundant bacteria, are known for their ability to produce toluene
from phenylalanine, phenylpyruvate, phenyl lactate, and phenyl-
acetate, and phenol [68].

Wang et al. [69] found that after the addition of the pharma-
ceuticals and personal care products (PPCPs) (ibuprofen, naproxen,
prednisolone, norfloxacin and sulphamethoxazole), the relative
abundance of Tolumonas increased from 0.51% to 3.76%. Therefore,
they speculated that Tolumonas could have a role on biodegradation
of antibacterial and anti-inflammatory organic matter.

Giacomucci et al. [70] found that Desulfovibrio desulfuricans
ATCC 1354, genus herein identified among the most abundant
bacteria, was able to degrade nitrocellulose, a binder in paint that is
recalcitrant to degradation.

There is no description in the literature about degradation of
fluorinated compounds by SRB communities, however they
revealed to be able to biodegrade other recalcitrant pollutants.
Fig. 6. The 25 most abundant bacteria (in percent) in samples collected along the experimen
10% (v/v) of enriched sludge from the WWTP lagoon system. Each bacterium has both a br
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Miralles et al. [71] investigated sediments contaminated with a
high quantity of oil and found that a wide variety of aliphatic hy-
drocarbons were significantly biodegraded by bacterial commu-
nities after 503 days under environmental conditions at 20mwater
depth. They found that shifts in SRB community are a dynamic
phenomenon since bacterial diversity seems to be influenced by
the complexity of the mixtures of hydrocarbons. Miralles et al. [71]
reported that Desulfovibrio-Desulfomicrobium-like bacteria as
several other sulphate-reducing bacteriawere capable of oil, alkane
or benzene, toluene, ethylbenzene and xylene (BTEX) degradation
and to mineralize BTEX and polycyclic aromatic hydrocarbons
(PAHs) compounds under anaerobic conditions [71,72].

Luijten et al. [73] investigated members of the genus Sulfur-
ospirillum, that was herein identified as one of the 25 most abun-
dant genus, and demonstrated that this genus has a broad and
diverse substrate range. Ross et al. [74] reported that Sulfurospir-
illum spp. played an important role in sulphur and nitrogen cycling
and possesses a metabolic flexibility that enables the reduction of a
wide variety of electron acceptors, including thiosulfate, tetrathi-
onate, polysulfide, nitrate, and nitrite. Sulfurospirillum is recognized
to specifically reduce sulphur and oxidized metals such as arsenate
and selenite [73]. The isolation of strain PCE-M2T, a novel halor-
espiring (“respiring halogenated compounds”) species, demon-
strated the importance of the genus Sulfurospirillum in the
biotransformation of contaminated soils with chlorinated com-
pounds and metal ions. Sulfurospirillum halorespirans can use tet-
rachloroethylene, selenate, arsenate, nitrate, nitrite, sulphur and
fumarate as final electron acceptors [73]. Thus, anaerobic micro-
organisms may be able to degrade a wide range of halogenated
compounds [73].

Starting from the same enriched anaerobic inoculum used for
the experiments in the presence of 20mg/L FLX, inoculated cultures
in Postgate B medium spiked with 50 mg/L FLX as unique carbon
source were performed (Fig. 6).

It was also evidenced that a clear shift occurred from the initial
t with SRB anaerobic cultures using Postgate B spiked with 50 mg/L FLX inoculated with
oad group name (phylum) and more specific names (genus and/or family).



Fig. 7. The 25 most abundant bacteria (in percent) in samples collected along the experiment with SRB anaerobic cultures using MSM spiked with 50 mg/L FLX inoculated with 10%
(v/v) of enriched sludge from the WWTP lagoon system. Each bacterium has both a broad group name (phylum) and more specific names (genus and/or family).
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community. In addition, during the experiment these community
revealed to be different in terms of genera percentages than the
existing during the assays with 20 mg/L FLX.

Initially, Desulfomicrobium (38.8%) was dominant, followed by
Desulfovibrio (22.9%), whereas the percentages of 16S rRNA gene
amplicons for genera Sulfurospirillum (1.9%), Macellibacteroidetes
(3.4%), Dethiosulfovibrio (2.4%), BIvii28 wastewater sludge group an
anaerobic fermenter (0.4%), k_Bacteria_OTU_11 (0.7%), f_Enter-
obacteriaceae_OTU_18 (0.3%) became more abundant (i.e. 32.9%,
14.9%, 5%, 4.9% 8.6%, 3.3%, respectively) after 31 days of the exper-
iment in the presence of 50 mg/L FLX (Fig. 6). This shift from the
initial community indicates that the SRB community structure was
affected by the presence of FLX. Nevertheless, the results suggest
that the representatives of these genera in this population may also
be involved in FLX and its metabolic products degradation.

Although all the sulphate was converted when 20 mg/L of FLX
was used as carbon source, only 24% of sulphate was converted for
50 mg/L of the drug. That can be explained due the existence of a
higher percentage of sulphate-reducing bacteria (e.g. Desulfobacter)
in the community grown in the presence of 20 mg/L FLX than in
that grown in the presence of 50 mg/L. In the latter case, a huge
reduction of SRB occurred, giving rise to another group of bacteria,
the sulphur-reducing bacteria (e.g. Sulfurospirillum), which uses
elemental sulphur as energetic source. Thus, this community shif-
ted during the assay to one that was mostly constituted by genera
that uses other electron acceptors instead of sulphate.

Martins, Sanches and Pereira [75] reported that the lower
abundance of Desulfovibrio spp. in the absence of a carbon source
(ethanol) likely explains why sulphate was not reduced, showing
that these organisms were not able to use ciprofloxacin (a fluo-
roquinolone antibiotic) as carbon source for reduction of sulphate.
They suggested that SRB can contribute to attenuate ciprofloxacin
in anaerobic environments where sulphate is a common electron
acceptor, such as WWTP, estuarine sediments and sea water [75].
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Other explanation may be that the existing SRB bacteria in the
presence of such high concentration of FLX became inactive.

In the assay where the community was inoculated in MSM
medium, under non-specific reductive conditions, in the presence
of 50 mg/L FLX as the only carbon source, once more a clear shift of
the initial inoculum occurred (Fig. 7).

However, the population presents some similarities to the one
inoculated with Postgate B spiked with 50 mg/L FLX. Thus, over the
course of the assay there was an increase in the genera Sulfur-
ospirillum from 1.9 to 36.3%, Macellibacteroides from 3.4 to 16%,
k_Bacteria_OTU_11 from 0.7 to 3.7%, Pseudomonas from 0 to 3%,
c_Epsilonproteobacteria_OTU_1843 from 0 to 1.7% and finally
f_Enterobacteriaceae_OTU_3505 from 0 to 0.9%, after 28 days of
incubation (Fig. 7). This also suggests that the representatives of
these genera in this population can possibly degrade FLX and
subsequently its metabolic products.

It was possible to verify that at both 20 mg/L and 50 mg/L FLX a
shift occurred in the bacterial community giving rise to identical
populations being the most abundant bacteria belonging to the
genera e.g. Sulfurospirillum, Macellibacteroides, Dethiosulfovibrio,
k__Bacteria_OTU_11, f__Enterobacteriaceae_OTU_18, although in
varying abundances, which reinforce that these common genera
may be responsible for FLX removal (Figs. 5e7). In the lower con-
centration of 20 mg/L FLX, vadinBC27 wastewater�sludge group,
Tolumonas, Bacteroides and Desulfobacter appear to have an
important role in FLX removal because they were the most abun-
dant. However, they did not seem to adapt well to 50 mg/L FLX,
which is suggested by the decrease in their relative abundances
(Figs. 5e7).

It was not possible to successfully isolate the “most abundant”
bacteria which belong to the consortium, which suggests that they
may not be able to grow isolated from the other bacteria in the
presence of the FLX.

To our knowledge, the microorganisms herein identified have
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never been described in the literature as FLX degrading organisms,
although they have been mentioned as having the ability to
degrade other recalcitrant organic pollutants.

The obtained results can be important to foster the study of the
slightly explored anaerobic processes and for further development
of anaerobic biological technologies to treat hazardous and recal-
citrant pharmaceutical wastewaters.

4. Conclusions

Although information on anaerobic degradation of organic
compounds under sulphate reducing conditions are scarce and
remain to explore, the results herein obtained indicate that the
studied anaerobic SRB community played a major role in the
biodegradation of FLX. These results may allow the development of
new anaerobic processes aiming the degradation of compounds
containing very strong C-F bonds, such as FLX, which are recalci-
trant to aerobic degradation. The anaerobic SRB consortium
cultured in Postgate B with lactate and FLX as an additional carbon
source, degraded 20 mg/L and 50 mg/L until undetectable con-
centrations, after 28 and 31 days, respectively and was able to
degrade 76 ± 2% of 100 mg/L FLX in the end of assay. In the ex-
periments under sulphate reducing conditions where FLX was used
as sole carbon source the consortium was able to degrade 20 mg/L
FLX below the limits of detection and removed 66 ± 9% of 50 mg/L
of that drug. Although the Langmuir and Freundlich adsorption
isotherms do not fit the experimental data, it seems that the
adsorption mechanism plays a role in the removal of FLX mainly at
the highest concentration of 100 mg/L FLX. Regarding the evolution
of SRB community that displayed the ability to degrade FLX as sole
carbon source, the initial population that wasmainly constituted by
Desulfomicrobium and Desulfovibrio suffered a shift during the
removal of 20 mg/L FLX with an increase of members of the genera
vadinBC27 wastewater-sludge group, Macellibacteroidetes, Dethio-
sulfovibrio, Bacteroides, Tolumonas, Sulfuricurvum, f_Enter-
obacteriaceae_OTU_18 that are assumed for the first time as having
a possible role in FLX degradation. It is important to note that these
bacteria were also identified among the most abundant genera
together with Blvii28 wastewater�sludge group and k__Bacter-
ia_OTU_11 during the degradation of 50 mg/L FLX as sole carbon
source.

Although the main mechanism of FLX removal described in the
literature is adsorption to sediments or sludge, in the results herein
described, biodegradation, under anaerobic conditions, appears to
have a major role in the degradation of this drug.
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