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• The REs of 27 PhACs in a two-stageMAD
plant treating sewage sludge are re-
ported.

• An SRT ≤ 2 d in the AcD was required to
separate acidogenic and methanogenic
stages.

• Longer SRT in the MD stage (24
d) correlatedwith an improved removal
of six PhACs.

• SRT, ORL and VFA/ALK influenced the
prokaryotic communities' structure in
both stages.

• Both MAD performance and REs of
PhACs were linked to shifts of commu-
nity structure.
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The removal efficiencies (REs) of twenty-seven pharmaceutically active compounds (PhACs) (eight analgesic/
anti-inflammatories, six antibiotics, four β-blockers, two antihypertensives/diuretics, three lipid regulators and
four psychiatric drugs) were evaluated in a pilot-scale two-stage mesophilic anaerobic digestion (MAD) system
treating thickened sewage sludge from a pilot-scale A2O™wastewater treatment plant (WWTP) which was fed
with wastewater from the pre-treatment of the full-scale WWTP Murcia Este (Murcia, Spain). The MAD system
was long-term operated using two different sets of sludge retention times (SRTs) for the acidogenic (AcD) and
methanogenic (MD) digesters (phase I, 2 and 12 days; and phase II, 5 and 24 days, in AcD andMD, respectively).
Quantitative PCR (qPCR) and Illumina MiSeq sequencing were used to estimate the absolute abundance of
Bacteria, Archaea, and Fungi and investigate the structure, diversity and population dynamics of their communities
in the AcD and MD effluents. The extension of the SRT from 12 (phase I) to 24 days (phase II) in the MD was sig-
nificantly linkedwith an improved removal of carbamazepine, clarithromycin, codeine, gemfibrozil, ibuprofen, lor-
azepam, and propranolol. The absolute abundances of total Bacteria and Archaeawere higher in theMD regardless
of the phase, while the diversity of bacterial and archaeal communities was lower in phase II, in both digesters.
Non-metric multidimensional scaling (MDS) plots showed strong negative correlations among phyla
Proteobacteria and Firmicutes and between genera Methanosaeta and Methanosarcina throughout the full experi-
mental period. Strong positive correlations were revealed between the relative abundances of Methanospirillum
and Methanoculleus and the methanogenesis performance parameters (volatile solids removal, CH4 recovery rate
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and %CH4 in the biogas), which were also related to longer SRT. The REs of several PhACs (naproxen, ketoprofen,
ofloxacin, fenofibrate, trimethoprim, and atenolol) correlated positively (r > 0.75) with the relative abundances
of specific bacterial and archaeal groups, suggesting their participation in biodegradation/biotransformation
pathways.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Urban wastewater is the main sink of pharmaceutically active com-
pounds (PhACs) after their consumption by human populations. During
urban wastewater treatment, some of these substances are efficiently
removed from rawwastewater, but most of them remain in the treated
water, sewage sludge, or both (Angeles et al., 2020; Jelić et al., 2012;
Martín et al., 2012; Radjenović et al., 2009; Tran et al., 2018; Valdez-
Carrillo et al., 2020; Yan et al., 2014).

The development of analytical techniques for the extraction, clean-
up and quantification of PhACs from environmental samples has con-
tributed to increase the knowledge about the occurrence and fate of
these substances not only in the dissolved phase of raw and treated
wastewater, but also in sewage and treated sludge (Gago-Ferrero
et al., 2015; Martín-Pozo et al., 2019; Paíga et al., 2019; Pérez-Lemus
and López-Serna, 2019). For a given PhAC, the concentrations detected
in sewage sludge usually range from tens to several hundred μg kg−1

dry weight (dw), and are often related to those measured in the raw
wastewater; however, other factors influence the amounts occurring
in this complex matrix, such as the physical-chemical properties of
each particular compound, their resistance to biodegradation, or the
sludge characteristics and operating parameters of each wastewater
treatment plant (WWTP) (Carballa et al., 2008; Dubey et al., 2021;
Radjenović et al., 2009; Samaras et al., 2014; Stasinakis, 2012).

Anaerobic digestion (AD) is one of the most effective methods for
sewage sludge stabilization, as well as an efficient and environmentally
friendly technology for bio-natural gas production (Tezel et al., 2011; Xu
et al., 2020; Zhang et al., 2016). In particular, the two-stage AD configu-
ration,which relies on the separation of the hydrolysis/acidification and
acetogenesis/methanogenesis processes in two different bioreactors, in
order to provide optimal conditions for the main microbial groups
involved in each of these processes (acid-producing bacteria and me-
thanogenic archaea, respectively), offers some advantages for the
stabilization of sewage sludge compared to the single-stage AD config-
uration, such as improved biogas production, pH self-adjusting capacity,
reduction of pathogens and chemical oxygen demand (COD) concentra-
tions, ability to work at shorter sludge retention times (SRT), and im-
proved microbiota stabilization, among others (Maspolim et al.,
2015a; Wang et al., 2018).

In Europe, almost half of the sludge generated in WWTPs and stabi-
lized by AD processes is used in agriculture, either directly or after
composting (Kelessidis and Stasinakis, 2012). The entry of PhACs into
the environment through the application of stabilized sludge as soil fer-
tilizer/conditioner implies a clear risk of contamination not only for en-
vironmental compartments (soil andwater), but also for human health,
particularly due to the spread and maintenance of antibiotic-resistant
genes (ARG) and antibiotic resistant bacteria (aus der Beek et al.,
2016; Bisognin et al., 2020; Urra et al., 2019;Wu et al., 2016). However,
only few countries of the EU set in their national legislation limit values
of concentrations for some target compounds in stabilized sludge as a
requisite for land spreading, and to date no PhACs have been included
among these (Christodoulou and Stamatelatou, 2016; Martín-Pozo
et al., 2019).

The removal of PhACs such as non-steroidal anti-inflammatory
drugs, antibiotics, or the antiepileptic drug carbamazepine from sewage
sludge in laboratory or full-scale AD systems have been previously re-
ported (Carballa et al., 2007; Dubey et al., 2021; Martín et al., 2015;
2

Narumiya et al., 2013; Samaras et al., 2014, 2013; Stasinakis, 2012;
Zhou et al., 2018, 2017, 2015). At the same time, several investigations
based onmolecularmethods have been carried out to provide an insight
of the community structure and populations' diversity of themicrobiota
involved in the processes (hydrolysis, acidogenesis, acetogenesis, and
methanogenesis) that are accomplished in sewage sludge AD working
under several configurations and operation conditions (Hao et al.,
2016; Ma et al., 2019; Maspolim et al., 2015a). Nevertheless, no clear
conclusions can be drawn regarding the ranges of PhACs removal effi-
ciencies and the way these are influenced by operation parameters,
since the results widely vary among the different studies, and reports
providing links betweenmicrobial diversity shifts and removal efficien-
cies are limited, particularly for the two-stage AD systems.

The aim of the present work was twofold: i) to study the occurrence
and fate of twenty-seven PhACs belonging to six therapeutic groups
(antibiotics, anti-inflammatory/analgesic compounds, β-blockers, anti-
hypertensives/diuretics, lipid regulators, and psychiatric drugs) in
sludge sewage samples undergoing two-stage mesophilic AD (MAD)
treatment, in order to ascertain its effectiveness to remove these emerg-
ing contaminants, and ii) to characterize the microbial populations
present in the sludge samples under the acidogenic and methanogenic
conditions, to gain insight into their community structure and diversity,
as well as to show by statistical tools the existing relationships between
the shifts of the microbial populations' diversity, the two-stage MAD
performance, and the removal efficiency of PhACs.

2. Materials and methods

2.1. Description of the pilot-scale two-stage MAD plant and operational
conditions

The two-stageMAD plant consisted of two stainless-steel cylindrical
digesters (acidogenic and methanogenic, connected in series) with a
volume of 640 L and 2340 L, respectively, and operated under
mesophilic conditions at different SRTs (Fig. S1). The external surface
of the digesters was wrapped with a thermal jacket to maintain con-
stant mesophilic conditions (35 ± 0.5 °C) and a recirculation pump
was operated in each digester to maintain the homogeneity of the
sludge. A drum-type gas flow meter (TG3 plastic, Ritter Company) and
a pHmeter (GRLP 22, Crison) were installed to monitor these variables
in the digesters.

The two-stage MAD plant was designed for processing the primary
sludge (PS) and waste activated sludge (WAS) generated in a pilot-
scale anaerobic-anoxic-aerobic (A2O) system (Fig. S2) installed at the
facilities of WWTP Murcia Este (EMUASA, Murcia, Spain), which was
fed with wastewater from the pre-treatment of the full-scale WWTP.
The operation parameters of the A2O bioreactor and the characteristics
of the activated sludge have been previously described in full detail by
Gallardo-Altamirano et al. (2018). Both the A2O and the two-stage
MAD were equipped with a supervisory control and data acquisition
(SCADA) system to control the operational parameters.

2.2. Inoculation and experimental set-up of the two-stage MAD plant

Digested sludge (200 L) fromWWTPMurcia Este (EMUASA, Murcia,
Spain)was used as biomass inoculum for acidogenic andmethanogenic
digesters of the two-stage MAD plant. The primary and secondary
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sludge generated in the water treatment line of the A2O system were
mixed and thickened in a gravitational thickener (216 L volume, 1.45 m
high and 0.5 m diameter, Fig. S2) and then used as feeding for the two-
stage MAD plant. Since June 1st, 2016, the A2O system was working
under steady-state conditions, producing a regularly thickened sludge
(ThS) at a flow of 41 ± 9 L d−1. Thereby, the acidogenic and methano-
genic digesters (AcD and MD, respectively) started up operating at the
SRTs selected for phase I (2 days for the AcD and 12 days for the MD)
and at a constant organic loading rate (OLR) (when the water line was
producing a regularly thickened sludge (41 ± 9 L d−1) with a regularly
volatile solid flow (VS flow = 869 ± 150 g d−1, Table 1B), the AcD and
MD started up operating at a constant OLR of 11.1 ± 2.1 kg VS m−3 d−1

and 1.6±0.4 kg VSm−3 d−1, respectively). Both digesterswere operated
until steady-state conditions were reached, before experimental phase I
started, which lasted 104 days (July 27th–November 13th, 2016). Then,
operating conditions for the experimental phase II were fixed at SRTs of
5 and 24 days for AcD and MD, respectively. Phase II lasted 105 days
(December 14th, 2016–March 31st, 2017).

2.3. Physicochemical parameters and monitoring of the two-stage MAD
plant performance

Temperature, pH, and biogas production were measured daily in
each digester during both experimental phases. Biogas composition
was characterized with a gas analyzer (Siemens Ultramat 23) and was
verified once per month with a portable gas analyzer (Geotechnical
Instrument Ltd., GA5000).

Sludge samples were taken three times a week from the sampling
points 1, 2, and 3 (Fig. S2) in order to evaluate the two-stage MAD
plant performance. The parameters analyzed were: total solids (TS),
volatile solids (VS), volatile fatty acids (VFA), and alkalinity (ALK). TS
Table 1
A. Operational conditions and performance of the acidogenic and methanogenic digesters (Ac
process, in the experimental phases I and II. B. Characterization of the thickened sludge (ThS), a
imental phases I and II. Values shown aremeans± SD. Datamarkedwith an asterisk (*) were si
(AcD, MD, or global two-stage MAD), according to the Kruskal-Wallis test (p < 0.05). TS: total

A.

Parameter AcD

Phase I Phase II

SRT, d 2.0 ± 0.6 5.2 ± 1.1
T, °C 35 ± 0.6 35 ± 0.7
pH 6.7 ± 0.1⁎ 7.1 ± 0.2⁎

OLR, kg VS m−3 d−1 11.1 ± 2.1⁎ 4.6 ± 0.6⁎

% PS, %TS influent 67 ± 15⁎ 57 ± 16⁎

% WAS, % TS influent 33 ± 15⁎ 43 ± 16⁎

VSR, % 9.6 ± 3.9⁎ 25.5 ± 9.6⁎

Biogas production, L d−1 71 ± 19⁎ 224 ± 81⁎

Biogas composition % CH4 48.2 ± 7.6⁎ 59.5 ± 3.3⁎

% CO2 40.6 ± 6.4⁎ 39.1 ± 3.0⁎

CH4 production, L d−1 34 ± 10⁎ 131 ± 46⁎

Biogas production rate, L L−1 d−1 0.86 ± 0.23⁎ 1.10 ± 0.40⁎

Biogas recovery rate, m−3 kg VS removed−1 0.788 ± 0.111⁎ 0.819 ± 0.007⁎

CH4 recovery rate, m3 kg VS removed−1 0.380 ± 0.079⁎ 0.487 ± 0.016⁎

Biogas yield, m3 kg VS fed−1 0.084 ± 0.021⁎ 0.214 ± 0.056⁎

CH4 yield, m3 kg VS fed−1 0.041 ± 0.010⁎ 0.126 ± 0.032⁎

VFA effluent, mg CH3COOH L−1 795 ± 243⁎ 565 ± 168⁎

ALK effluent, mg CaCO3 L−1 2053 ± 321⁎ 2826 ± 377⁎

VFA/ALK 0.39 ± 0.11⁎ 0.20 ± 0.06⁎

B.

Phase Phase I

Sludge sampling point ThS AcD MD

TS flow, g d−1 1195 ± 213 1111 ± 187 89
VS flow, g d−1 869 ± 150 780 ± 131 58
% TS 2.96 ± 0.74⁎ 2.72 ± 0.57 2.2
% VS/TS 72 ± 2.3⁎ 69.8 ± 1.5 65

3

and VS were measured according to Standard Methods (Baird et al.,
2017); volatile solids removal (VSR) in each digester (AcD or MD)
was calculated as follows: %VSR = [(VS influent − VS effluent) / VS
influent] × 100 (Bhattacharya et al., 1996); and volatile fatty acids
(VFA) and alkalinity (ALK) concentrations were measured by titration,
according to the method proposed by DiLallo and Albertson (1961).
Table 1A and B summarizes the operational conditions of the digesters
and physicochemical parameters analyzed in each experimental
phase, respectively.

2.4. Sample collection for PhACs analysis

A total of 27 sludge samples were collected for PhACs analysis
from sample points 1, 2 and 3 (Fig. S2): 12 samples in phase I and
15 samples in phase II. From each point, integrated samples
(6 L) were taken throughout the day and thoroughly mixed before
retrieving a 500 mL homogeneous sample for the PhACs analyses.
Samples were collected both midweek and at the end of the week-
end, stored in amber PET bottles, and frozen at −20 °C until their
analysis. All samples were collected under dry weather conditions
to eliminate sample dilution effect.

2.5. Analytical methods for PhACs

2.5.1. Chemicals, reagents and solutions
High-purity (mostly 90%) analytical reference standards (acetamin-

ophen, atenolol, bezafibrate, carbamazepine, clarithromycin, codeine,
diazepam, diclofenac, fenofibrate, furosemide, gemfibrozil, hydrochlo-
rothiazide, ibuprofen, indomethacin, ketoprofen, lorazepam, metopro-
lol, naproxen, ofloxacin, paroxetine, propanolol, propyphenazone,
sotalol, sulfadiazine, sulfamethazine, sulfamethoxazole, trimethoprim)
D and MD, respectively) and the global two-stage mesophilic anaerobic digestion (MAD)
cidogenic digester (AcD) effluent, and methanogenic digester (MD) effluent in the exper-
gnificantly different between the two experimental phases (I and II) in each digestion stage
solids; VS: volatile solids. Volumes of biogas were converted to standard conditions.

MD Global two-stage MAD

Phase I Phase II Phase I Phase II

12.3 ± 1.4 24.8 ± 1.4 14 29
35 ± 0.5 35 ± 0.5 35 35
7.3 ± 0.2⁎ 8.0 ± 0.2⁎ – –
1.6 ± 0.4⁎ 0.8 ± 0.4⁎ 1.5 ± 0.3⁎ 0.9 ± 0.3⁎

– – 67 ± 15⁎ 57 ± 16⁎

– – 33 ± 15⁎ 43 ± 16⁎

25.7 ± 9.0⁎ 33.7 ± 14⁎ 32.8 ± 8.9⁎ 50.5 ± 14.6⁎

188 ± 38 211 ± 63 258 ± 44⁎ 434 ± 114⁎

65.6 ± 2.6⁎ 54.9 ± 10⁎ – –
31.5 ± 1.8 32.5 ± 2.3 – –
122 ± 24 119 ± 40 154 ± 28⁎ 247 ± 67⁎

0.38 ± 0.09⁎ 0.26 ± 0.10⁎ 0.45 ± 0.09 0.41 ± 0.12
0.909 ± 0.075⁎ 0. 871 ± 0.013⁎ 0.873 ± 0.056 0.858 ± 0.021
0. 596 ± 0.047⁎ 0.483 ± 0.043⁎ 0.520 ± 0.051⁎ 0.483 ± 0.042⁎

0. 241 ± 0.049⁎ 0.297 ± 0.067⁎ 0.337 ± 0.053⁎ 0.433 ± 0.066⁎

0.157 ± 0.031⁎ 0.167 ± 0.043⁎ 0.178 ± 0.030⁎ 0.246 ± 0.042⁎

257 ± 140⁎ 157 ± 50⁎ – –
2883 ± 101⁎ 3602 ± 329⁎ – –
0.08 ± 0.04⁎ 0.04 ± 0.01⁎ – –

Phase II

ThS AcD MD

5 ± 185⁎ 1261 ± 187 1010 ± 224 714 ± 168⁎

1 ± 118⁎ 949 ± 131 680 ± 145 680 ± 131⁎

0 ± 0.32 2.88 ± 0.59⁎ 2.39 ± 0.37 1.95 ± 0.34
.3 ± 1.7 74.6 ± 3.7⁎ 67.2 ± 3.0 61.5 ± 3.1
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were acquired from Sigma Aldrich (St. Luis, MO, US). Isotope-labelled
compounds (acetaminophen-d4, bezafibrate-d4, carbamazepine-d10,
codeine-d3, diazepam-d5, diclofenac-d4, furosemide-d5, fenofibrate-d6,
gemfibrozil-d6, ketoprofen-d3, indomethacin-d4, lorazepam-d4,
ofloxacine-d3, metoprolol-d7, naproxen-d3, paroxetine-d4, propranolol-
d7, sotalol-d6, sulfamethoxazole-d4, sulfadiazine-d4, sulfamethazine-
d4) were purchased from Cerilliant, Alsachim (Illkirch-Graffenstaden,
France) or Santa Cruz Biotechnology (Dallas, TX, USA). CAS numbers, mo-
lecular formulas, molecular weight, and other relevant properties of all
target compounds are reported in Gallardo-Altamirano et al. (2019).

LC-MS grade acetonitrile (ACN) (≥99.9%), methanol (MeOH)
(≥99.9%), ethyl acetate (EtAc) (≥99.9%), dimethyl sulfoxide (DMSO)
(≥99.9%), and HPLC water were purchased from Merck (Darmstadt,
Germany). Formic acid (≥96%, ACS reagent) and ammonium acetate
were supplied by Sigma-Aldrich.

Individual stock standard solutions (concentration of 1000 μgmL−1)
were prepared in either 100% methanol or 100% DMSO, depending on
the solubility of each compound. Working solutionmixtures containing
all the aforementioned analytes and the isotopically labelled com-
pounds (1 μg mL−1), for analysis and calibration purposes, were pre-
pared by diluting adequate volumes of the individual stock solutions
with MeOH. All the solutions were stored at−20 °C.

2.5.2. Sample preparation
The extraction and analysis of sludge samples were based on

methods previously published by Jelić et al. (2009) and Gago-Ferrero
et al. (2015) respectively, with some modifications. Briefly, about
500 mL of sewage sludge were lyophilized for about 10 days until con-
stant weight. Then, 0.5 g freeze-dried and sieved sludge was placed in a
50-mL falcon tube and spikedwith 50ngof the corresponding surrogate
mixture, and kept in contact overnight into a fume hood. Five mL of
extraction solvent (MeOH–HPLC water 1:2 (v/v)) were added and the
tube was vortexed for 1 min. The sample was then extracted by ultra-
sonic bath for 10min. After thefirst extraction, the tubewas centrifuged
for 10 min (4000 rpm, 4 °C) and the supernatant was collected in a 16-
mL glass test tube. This procedure was repeated twomore times but the
last time, 5 mL of 0.1% formic acid in MeOH/water 1:1 (v/v) were used
as extraction solvent. In total about 15 mL of supernatant were col-
lected. Then, the extract was evaporated to less than 10mL under a gen-
tle steam of nitrogen at 24 °C using a TurboVap® LV (Biotage AB,
Uppsala, Sweden) to reduce the amount of methanol for the following
SPE step. The extract was diluted in 100 mL of HPLC water to ensure a
solvent concentration less than 1%. The whole volume of the aqueous
solutions was filtered through a 0.45-μm pore size nylon membrane,
47 mm diameter, and transferred to the SPE procedure using Oasis®
HLB cartridges (60 mg, 3 mL, Waters Corporation — Milford, MA,
USA). For the SPE, the cartridges were pre-conditioned with 5 mL of
EtAc and 5 mL of MeOH, and equilibrated with 5 mL of ultrapure
water, and afterwards the sample was loaded onto the cartridges at a
flow rate of 1 mL min−1. A washing step was conducted with 2 ×
3 mL of ultrapure water and, before elution, the cartridges were dried
under vacuum aspiration for 30 min. Analytes were eluted with 3 ×
3 mL of EtAc:MeOH (1:1, v/v). The extract was evaporated to dryness
under a gentle stream of nitrogen and reconstituted with 1 mL of H2O/
MeOH (90:10) and then filtered to 2-mL vials using 0.22 μm
polytetrafluoroethylene (PTFE) syringe filters for UPLC-MS/MS analysis.

2.5.3. Liquid-chromatography (LC) separation
LC separation was performed using a SCIEX ExionLC™ AD system

(Sciex, Redwood City, CA, U.S.). Chromatographic separation was
achieved on a Hibar® HR Purospher® STAR RP-C18 column
(100 mm × 2.1 mm i.d., 2 μm particle size, Merck, Darmstadt,
Germany), maintained at 40 °C in the column oven. The mobile
phase for the positive electrospray ionization consisted of 5 mM am-
monium acetate and 0.1% of formic acid in water (A) and ACN (B),
while for the negative electrospray ionization it consisted of
4

10 mM ammonium acetate in water (A) and MeOH:ACN (1:1, v/v)
(B). The total run time for each injection was 24 min for positive
and 18 min for negative acquisition with a flow rate of 0.4 mL
min−1. The injection volumewas 5 μL, and the auto-sampler temper-
ature was maintained at 8 °C. The elution gradient for ESI(+) mode
started with 5% of B for 30 s, then increasing to 98% in 16 min, held
at 98% for 3 min, and finally returning to the initial conditions in
the next 20 s. The necessary time for the re-equilibration of the ana-
lytical column was 5 min. The elution gradient for ESI(−) started
with 5% B. the organic phase was then increased to 95% in 12 min
and kept constant for 1 min, before a return to the initial conditions
over the next 30 s.

2.5.4. Mass spectrometry (MS) and MS/MS conditions
The SCIEX X500R QTOF system (Sciex, Redwood City, CA, U.S.) with

Turbo V™ source and Electrospray Ionization (ESI) and operating in
negative/positive polarity was used for the detection of the compounds
of interest. Any drift in themass accuracy of the SCIEX Q-TOF was auto-
matically corrected andmaintained throughout batch acquisition by in-
fusion of reserpine reference standard (C33H40N2O9,m/z 609.28066) for
positive ionization, and a cluster of trifluoroacetic acid (5(TFA-Na) +
TFA-, m/z 792.85963) for negative mode. Calibration was running
every 5 samples during the batch acquisition making use of the
Calibrant Delivery System (CDS).

High resolution data were acquired using a multiple reaction moni-
toring (MRMHR) workflow consisting of a TOF-MS survey (100–850 Da
for 80 ms of Accumulation Time (AT); Declustering Potential (DP) and
Collision Energy (CE) were set to 80 V and 10 V and −80 V and −10
V, for positive and negative, respectively. The MRMHR scanning mode
was used for accurate quantification of product ion transitions. The
Guided MRMHR tool from SCIEX was used for the optimization of
high-resolution transitions (Tables S1 and S2A). The optimized ioniza-
tionmode, fragmentation voltages, and collision energies for each com-
pound have been supplied as Supplementary material (Tables S1, S2A;
Figs. S3, S4, S5 and S6). The source conditions for the systemwere opti-
mized as follow. Ion Spray Voltage was set to 5500 V (−4500 V for neg-
ative); source temperature and nitrogen gas flows (Atomizing gas, GS1
and Auxiliary gas, GS2) were set to 550 °C, 50, and 70 psi, respectively.
Curtain gas was set to 35 psi.

2.5.5. Method performance
Qualitative and quantitative analyses were performed using SCIEX

OS™ Software version 1.6 (Sciex, Redwood City, CA, U.S.). Two high res-
olution product ions were used for each compound, themost abundant
for the quantification and the second most abundant for the confirma-
tion. Linearity of the method was evaluated using the internal standard
calibration approach with a calibration curve constructed between 0.05
and 300 ng mL−1 corresponding to 0.1–600 ng g−1 d.w. Calibration
curves were constructed considering a minimum of eight calibration
points using linear weighted least-squares regression (1/x as weighting
factor) by plotting the ratio of the analyte signal with its corresponding
IS and presenting coefficients of determination (R2) above 0.99 formost
compounds. Regarding sensitivity, Method Detection Limits (MDLs)
andMethod Quantification Limits (MQLs) were estimated from the cal-
ibration curves using linear regression analysis and a signal-to-noise
ratio of 3.3 and 10, respectively. All information onmethod performance
parameters including recoveries % and method precision (RSD%)
(obtained in sludge spiked at concentration of 100 ng g−1), MDLs and
MQLs, and R2, is reported in Table S2B.

2.6. DNA extraction, qPCR, massive parallel sequencing, and data analysis

Environmental DNA was extracted from sludge samples (4 mL) fol-
lowing already described protocols (Gallardo-Altamirano et al., 2018).
The absolute abundances of total Bacteria, Archaea, and Fungi were
quantified in each of the samples by real-time quantitative PCR
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(qPCR), using a QuantStudio-3 Real Time PCR system (Applied
Biosystems). The Domain and Phylum-level universal primer pairs
used, quantitative amplification reactions and cycling conditions were
already described elsewhere (Gallardo-Altamirano et al., 2018).

High-throughput sequencing of the small-subunit rRNA genes of the
mixed microbial populations was achieved using the Illumina MiSeq
platform (Illumina, Hayward, CA, USA) at the facilities of RTL Genomics
(Lubbock, TX, USA, http://www.researchandtesting.com). The primer
pairs 28F-519R (Fan et al., 2012) and 517F/909R (Maspolim et al.,
2015a) were used to amplify the 16S rRNA genes of Bacteria and
Archaea, respectively, while the 18S rRNA gene of Fungi was amplified
using the FungiQuantF/FungiQuantR primer set (Liu et al., 2012).

Raw sequencing data were processed using the QIIME software, v.
1.9.1, following the pipeline protocol described by Caporaso et al.
(2012). The sequences were filtered, and taxonomic assignments were
made as described in full detail by Gallardo-Altamirano et al. (2019).
Alpha-diversity indices (Chao-1, Shannon-Wiener H′, and Simpson)
were calculated using PAST v. 3.25 (Hammer et al., 2001). The ‘iNEXT’
free online tool (https://chao.shinyapps.io/iNEXTOnline, Hsieh et al.,
2016) was used to construct sample-size-based rarefaction and extrap-
olation (R/E) sampling curves with 95% confidence intervals. Heatmaps
displaying the relative abundances of Bacteria, Archaea, and Fungi in the
samples were generated using Microsoft Excel.

The Primer software (PRIMER-E v. 6.1.18, Plymouth,UK)was used to
construct an UPGMA dendrogramwith 95% confidence intervals, and to
estimate the contribution of individual PHYs to the dis(similarity) be-
tween groups of samples, as already described by Maza-Márquez et al.
(2016), by using the SIMPROF and SIMPER commands, respectively.

2.7. Statistical analyses

The Kruskal-Wallis non-parametric test was selected to find signifi-
cant differences among the different groups of samples in the analyzed
data sets, using a 95% significance level (p < 0.05). When required,
Spearman's rank correlation coefficients (ρ) among the different vari-
ables were calculated. All these procedures were done using IBM SPSS
Statistics v. 19 (SPSS Inc., IBM, USA). Themultivariate statistical analyses
(Non-metric multidimensional scaling, MDS; and analysis of similarity,
ANOSIM) were performed using the Primer software PRIMER-E v.
6.1.18, Plymouth, UK). Vectors representing the trends through the
MDS ordinations of either biotic (absolute or relative abundances of
bacterial populations) or abiotic variables (operational parameters or
indicators of methanogenesis efficiency) were generated by multiple
partial correlation algorithms and represented over the plots. All the
aforementioned procedures were described in full detail elsewhere
(Maza-Márquez et al., 2016).

3. Results and discussion

3.1. Performance of the pilot-scale two-stage (MAD) plant

Table 1A shows the operational conditions and performance of the
AcD and MD of the two-stage MAD plant during the two experimental
phases of the study. The characterization of the sludge samples (ThS,
AcD effluent, and MD effluent) is summarized in Table 1B.

The two digesters were operated under mesophilic conditions
(35 °C) in both phases I and II (Table 1A), with similar influent mass
flow (1195 ± 213 and 1261 ± 187 g TS d−1 ThS, respectively,
Table 1B). However, the ThS had significantly different characteristics
in phases I and II, regarding the % TS and % VS/TS ratio (2.96 ± 0.74
vs. 2.88 ± 0.59 and 72.0 ± 2.3 vs. 74.6 ± 3.7%, respectively, Table 1B)
and the contribution of primary sludge (PS) and waste sludge (WAS)
(67 ± 15 vs. 57 ± 16% and 33 ± 15 vs. 43 ± 16%, respectively,
Table 1A). The observed differences could be related to the fact that
thewater treatment line (A2O bioreactor) worked under different oper-
ational conditions in each experimental phase, particularly with regard
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to the mixed liquor suspended solids (MLSS) concentration, food-to-
microorganism (F/M) ratio, and OLR, as previously reported by Gallardo-
Altamirano et al. (2018).

In both experimental phases, the average % TS in the ThS (Table 1B)
were lower than those usually measured in mixed ThS in full-scale
WWTPs (Appels et al., 2008; Metcalf and Eddy, 2003; Ponsá et al.,
2008). Thereby, the global OLR applied to the two-stage MAD plant in
both experimental phases (1.5 and 0.9 kg VS m−3 d−1 in phase I and
II, respectively, Table 1A) was low compared with a typical high-rate
wastewater sludge AD (1.6–4.8 kg VS m−3 d−1, Appels et al., 2008).

The values of the performance parameters VSR, biogas production,
biogas composition, biogas recovery rate, biogas production rate, biogas
yield, VFA, andALK recorded in theAcDandMDwere statistically differ-
ent between phases I and II (Table 1A). Lower VSR and biogas produc-
tion values were detected in phase I in both digesters, possibly in
relation with the shorter SRTs selected (2 days and 12 days for the
acidogenic and methanogenic digesters, respectively), while in the
MD, the biogas and methane recovery rates and the biogas production
rate were greater in phase I than in phase II.

In phase II, the AcD (operating at SRT = 5 days) consumed a higher
amount of biodegradable substrates, resulting in higher VSR (25.5%),
biogas production (224 L d−1) and biogas production rate (1.10 L L−1

sludge d−1), and lower VFA concentration (565 mg CH3COOH L−1),
compared to the values obtained in the same digester in phase I
(Table 1A). In both experimental phases, the global performance of
themesophilic two-stageMADplantwas in the range of values reported
for other similar processes applied to sewage sludge in the earlier liter-
ature (Martín-Pascual et al., 2017; Maspolim et al., 2015a; Ponsá et al.,
2008; Smith et al., 2017).

The separation of acidogenic and methanogenic microorganisms in
the two different digesters was only effective in phase I, while in
phase II both digesters yielded similar values of % CH4 in the biogas
and CH4 production (Table 1A). In phase II, lower VFA/ALK ratio and
higher pH were measured in the AcD (Table 1A), compared with data
of previous studies in two-stage systems (Ghosh, 1987; Martín-
Pascual et al., 2017;Maspolim et al., 2015b; Ponsá et al., 2008). Thereby,
our results show that an SRT shorter than 5 days is required for an opti-
mal separation between the acidogenic andmethanogenic stages when
operating at low OLR. In this sense, Ponsá et al. (2008) optimized
the AcD stage of a thermophilic (55 °C) sludge digestion process, con-
cluding that the critical step was the shortening of the SRT from 5 to
4 days, in order to digest a mixed ThS with high concentration of solids
(%TS > 4), while the optimal SRT was 1 day for sludge with lower con-
centration of solids (%TS < 3). Ghosh (1987) reported that the hydroly-
sis and acidification of the sewage sludge were more efficient at pH 6
and using a SRT of 2 days in the AcD of a mesophilic two-stage digestor.
Martín-Pascual et al. (2017), working with digesters of different vol-
umes (20 and 60 L), obtained maximum methane production in the
MD of a two-stage system when the SRT of the AcD was 2.18 days,
reaching the maximum value of VFA and complete separation of the
stages with the lowest digester volume. Otherwise, Maspolim et al.
(2015b) operated 3 mesophilic AcDs at HRTs of 5, 3 and 2 days, achiev-
ing the highest VFA production at the longest SRT, although reaching
the same % CH4 in the biogas (48%) in the three AcDs when working
at a constant pH value of 5.5.

3.2. Occurrence of PhACs in sludge samples of the two-stage MAD plant

Table 2 displays themean concentration, standard deviation, and de-
tection frequency of 27 targeted PhACs in the ThS, AcD effluent and MD
effluent samples of the two-stage MAD plant during the experimental
phases I and II.

The detection frequency value in the ThS samples was 100% for 19
and 17 compounds in phase I and II, respectively (Table 2). Among
them, 13 compounds (atenolol, carbamazepine, codeine, diclofenac,
fenofibrate, gemfibrozil, ibuprofen, ketoprofen, lorazepam, naproxen,

http://www.researchandtesting.com
https://chao.shinyapps.io/iNEXTOnline


Table 2
Concentration (ng g−1 dry solid) of PhACs in the thickened sludge (ThS), acidogenic digester (AcD) effluent, and methanogenic digester (MD) effluent in the experimental phases I (n =
4) and II (n=5). Values shown aremeans±SD; detection frequencies of each compound in the sludge samples are shown in brackets. Datamarkedwith an asterisk (*)were significantly
different between the two experimental phases (I and II) in each type of sample (ThS, AcD, or MD), according to the Kruskal-Wallis test (p < 0.05). BLD: below detection limit.

Therapeutic groups ThS AcD MD

Phase I Phase II Phase I Phase II Phase I Phase II

AIADs Acetaminophen 111 ± 222 (25) 68 ± 114 (100) 12 ± 25 (25)⁎ 238 ± 203 (100)⁎ 0.0 ± 0.0 (0) 5.9 ± 0.0 (40)
Codeine 20 ± 14 (100)⁎ 98 ± 93 (100)⁎ 14 ± 17 (50)⁎ 88 ± 90 (100)⁎ 6.6 ± 6.3 (75) 10 ± 0.9 (60)
Diclofenac 134 ± 48 (100) 166 ± 141 (100) 401 ± 475 (100) 212 ± 190 (100) 236 ± 166 (100) 214 ± 212 (100)
Ibuprofen 137 ± 254 (100) 1280 ± 1454

(100)
184 ± 267 (100)⁎ 1125 ± 757

(100)⁎
433 ± 213 (100)⁎ 1595 ± 14,029

(100)⁎

Indomethacin 2.3 ± 1 (100) 3.9 ± 3.7 (80) 2.2 ± 1.0 (100) 3.6 ± 3.6 (80) 2.2 ± 1.1 (100) 2.5 ± 0.0 (40)
Ketoprofen 28 ± 36 (100) 165 ± 161 (100) 24 ± 30 (100)⁎ 105 ± 71 (100)⁎ 27 ± 42 (75) 103 ± 65 (100)
Naproxen 57 ± 60 (100) 507 ± 657 (100) 11 ± 19 (100) 65 ± 60 (100) 4.2 ± 8.3 (25) 17 ± 2.6 (100)
Propyphenazone 12 ± 18 (75) 1.0 ± 1.2 (60) 4.7 ± 4 (75) 0.2 ± 0.5 (60) 11 ± 12 (100)⁎ 0.7 ± 0.0 (60)⁎

Antibiotics Clarithromycin 34 ± 32 (100) 10 ± 9.2 (80) 9.1 ± 9 (75) 5.6 ± 8.5 (40) 5.7 ± 4.2 (75) 1.1 ± 0.0 (40)
Ofloxacin 4922 ± 4843 (100) 475 ± 377 (100) 32,637 ± 59,608

(100)
329 ± 299 (100) 3324 ± 3336

(100)
265 ± 413 (100)

Sulfadiazine 31 ± 38 (50) BLD 7.1 ± 9 (50) BLD 6.7 ± 12 (75) 2.1 ± 0.0 (20)
Sulfamethazine 30 ± 35 (50) 0.6 ± 1.2 (20) 1.1 ± 2 (50) 1.0 ± 2.3 (20) 0.6 ± 0.7 (50) 0.0 ± 0.0 (0)
Sulfamethoxazole 55 ± 41 (100) 22.2 ± 30 (60) 19 ± 19 (75)⁎ 0.0 ± 0.0 (0)⁎ 8.6 ± 10 (50) 0.0 ± 0.0 (0)
Trimethoprim 19 ± 12 (100) 27.9 ± 7.8 (100) 2.0 ± 2 (75)⁎ 6.6 ± 2.8 (100)⁎ 0.4 ± 0.5 (50) 1.5 ± 0.0 (40)

Beta-blockers Atenolol 24 ± 3 (100) 49 ± 54 (100) 17 ± 7 (100) 25 ± 21 (100) 7.1 ± 8.9 (50) 4.8 ± 0.1 (80)
Metoprolol 122 ± 82 (75) 1.8 ± 2.8 (40) 14 ± 9 (100)⁎ 0.3 ± 0.6 (20)⁎ 38 ± 35 (75)⁎ 0.0 ± 0.0 (0)⁎

Propranolol 86 ± 67 (100)⁎ 5.4 ± 5.1 (80)⁎ 77 ± 54 (100)⁎ 2.1 ± 3.8 (60)⁎ 100 ± 101 (75)⁎ 0.0 ± 0.0 (0)⁎

Sotalol 78 ± 52 (100) 12 ± 12 (100) 44 ± 40 (100) 6.7 ± 7.1(100) 48 ± 47 (100) 7.2 ± 0.5 (100)
Diuretics Furosemide 26 ± 35 (50)⁎ 236 ± 247 (100)⁎ 46 ± 43 (100)⁎ 214 ± 206 (100)⁎ 40 ± 45 (75)⁎ 212 ± 216 (100)⁎

Hydrochlorothiazide 33 ± 52 (50)⁎ 356 ± 373 (100)⁎ 23 ± 35 (50)⁎ 193 ± 218 (100)⁎ 9.6 ± 19 (25) 60 ± 16 (100)
Lipid-regulators Bezafibrate 0.8 ± 2 (25) 11.6 ± 14 (100) 0.7 ± 1 (25)⁎ 4.1 ± 2.1 (100)⁎ 0.4 ± 0.8 (25)⁎ 2.8 ± 0.1 (100)⁎

Fenofibrate 2623 ± 2020
(100)⁎

302 ± 232 (100)⁎ 2678 ± 1863 (100)⁎ 168 ± 189 (100)⁎ 3456 ± 3848
(100)

61 ± 46 (80)

Gemfibrozil 24 ± 29 (100) 91 ± 86 (100) 17 ± 25 (100)⁎ 101 ± 88 (100)⁎ 28 ± 26 (100) 132 ± 137 (100)
Psychiatric
medications

Carbamazepine 15 ± 15 (100) 16 ± 19 (100) 13 ± 7 (100) 19 ± 18 (100) 25 ± 13 (100) 25 ± 3.3 (100)
Diazepam 22 ± 24 (100)⁎ 0.5 ± 0.7 (40)⁎ 22 ± 25 (100)⁎ 2.3 ± 4.1 (40)⁎ 34 ± 36 (100)⁎ 1.1 ± 0.0 (40)⁎

Lorazepam 57 ± 40 (100) 53 ± 36 (100) 39 ± 8 (100) 71 ± 78 (100) 44 ± 33 (100) 20 ± 2.8 (100)
Paroxetine 835 ± 1604 (100)⁎ 26 ± 34 (80)⁎ 3264 ± 4391 (100) 17 ± 33 (80) 143 ± 153 (100) 55 ± 2.8 (60)
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ofloxacin, sotalol, and trimethoprim) were detected with the highest
frequency value (100% of samples) in both phases. Similar trends
were recorded in the AcD effluent samples, with 17 compounds in
phase I and 16 compounds in phase II displaying 100% detection fre-
quency. However, a lower number of PhACs with 100% detection fre-
quency occurred in the MD effluent samples (12 in both phases).

According to the Kruskal-Wallis test, themean concentrations of co-
deine, diazepam, fenofibrate, furosemide, hydrochlorothiazide, paroxe-
tine, and propranolol in the ThS samples were statistically different
between phases I and II, probably due to the diverse operational condi-
tions also used in the water treatment line (A2O bioreactor) (Gallardo-
Altamirano et al., 2018), which determined different PhACs concentra-
tions in the sludge treatment line. The statistical analyses also revealed
significant differences of the average concentrations of several PhACs
measured in the effluents of both digesters between the two experi-
mental phases, particularly in the case of the AcD (Table 2).

The highest mean concentration values in the ThSwere observed for
ofloxacin (4922 ng g−1), fenofibrate (2623 ng g−1), and paroxetine
(835 ng g−1) in phase I, and ibuprofen (1280 ng g−1), naproxen
(507 ng g−1), and ofloxacin (475 ng g−1) in phase II. Several PhACs
were detected at mean concentration values ≤15 ng g−1 in both exper-
imental phases (bezafibrate, indomethacin, and propyphenazone) or in
phase II samples only (diazepam, metoprolol, and sulfamethazine). The
sulfadiazine concentration was below the limit of detection (BLD) only
in phase II samples.

Ofloxacin was the PhACs detected at highest concentrations in the
three types of sludge samples, although subjected to a high variability
(Table S3). Such variability in sewage sludge was previously reported
by Narumiya et al. (2013) and Verlicchi and Zambello (2015), reflecting
the use of this fluoroquinolone antibiotic to treat outbreaks of infection
diseases; in this sense, Coutu et al. (2013) previously reported a clear
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seasonality in the pattern of detection of ofloxacin concentrations in
wastewater.

Otherwise, the highest PhACs mean values in MD effluent sam-
ples were measured for fenofibrate (3456 ng g−1) and ofloxacin
(3324 ng g−1) in phase I, and ibuprofen in phases I and II (403 and
1595 ng g−1, respectively), while the values of the remaining
PhACs were < 300 ng g−1 in both experimental phases (Table 2).

The mean concentrations of the targeted PhACs in the three types of
sludge samples fell within the ranges measured earlier by several au-
thors (Martín et al., 2012; Narumiya et al., 2013; Phan et al., 2018;
Radjenović et al., 2009; Verlicchi and Zambello, 2015; Yang et al.,
2016), except for two compounds which were detected at concentra-
tions above (clarithromycin) or below (fenofibrate) those previously re-
ported in the available literature.

As shown in Table 2, the concentrations of most PhACs gradually de-
creased throughout the two-stage MAD process, except for carbamaze-
pine, diazepam, diclofenac, gemfibrozil, and ibuprofen (in both phases),
fenofibrate, furosemide, and propranolol (only in phase I), and paroxe-
tine (only in phase II). Analogous trends were previously reported by
several authors for some of the aforementioned PhACs (Narumiya
et al., 2013; Phan et al., 2018; Radjenović et al., 2009; Yang et al.,
2016), except for diazepam, fenofibrate, furosemide, and paroxetine,
of which very little information is actually available.

Table 3 shows the daily measured mass loads (ML, mg day−1

1000 inh−1) of the 27 targeted PhACs in the three sludge flows. The
total ML of the ThS was more than twofold in phase I (553 mg day−1

1000 inh−1) compared to phase II (254 mg day−1 1000 inh−1).
Antibiotics and lipid-regulators displayed the highest ML percentages
in phase I (53 and 28% respectively), while anti-inflammatory and/or
analgesic pharmaceuticals (AIADs) and diuretics had highest ML per-
centages in phase II (58 and 15% respectively). Throughout the full



Table 3
Daily mass load per 1000 inhabitants (ML, mg day−1 1000 inh−1) of pharmaceutically ac-
tive compounds (PhACs) and percentages of each therapeutic group in the thickened
sludge (ThS), acidogenic digester (AcD) effluent, and methanogenic digester (MD) efflu-
ent of the pilot-scale two-stage mesophilic anaerobic digestion (MAD) during the experi-
mental phases I and II.

Analytes ThS AcS MS

ML
Phase
I

ML
Phase
II

ML
Phase I

ML
Phase
II

ML
Phase
I

ML
Phase
II

AIADs 26.5 146.0 32.3 91.7 28.3 61.2
Acetaminophen 5.6 4.4 0.6 11.7 0.0 0.2
Codeine 1.1 6.3 0.8 4.3 0.3 0.3
Diclofenac 7.6 10.6 20.0 10.4 10.1 6.7
Ibuprofen 7.0 81.6 9.0 56.7 16.3 50.1
Indomethacin 0.1 0.3 0.1 0.2 0.1 0.1
Ketoprofen 1.5 10.5 1.2 5.3 0.9 3.3
Naproxen 3.0 32.4 0.5 3.2 0.1 0.5
Propyphenazone 0.6 0.1 0.3 0.0 0.5 0.0

Antibiotics 293.1 34.2 1570.7 16.9 127.5 8.4
Clarithromycin 1.8 0.6 0.5 0.3 0.2 0.0
Ofloxacin 283.7 30.4 1568.6 16.2 126.7 8.3
Sulfadiazine 1.8 0.0 0.4 0.0 0.2 0.1
Sulfamethazine 1.7 0.0 0.1 0.1 0.0 0.0
Sulfamethoxazole 3.1 1.4 1.1 0.0 0.3 0.0
Trimethoprim 1.0 1.8 0.1 0.4 0.0 0.0

Beta-blocker 17.6 4.4 8.2 1.7 8.1 0.4
Atenolol 1.3 3.2 0.9 1.3 0.3 0.2
Metoprolol 7.1 0.1 0.8 0.0 1.6 0.0
Propranolol 4.8 0.3 4.2 0.1 4.2 0.0
Sotalol 4.4 0.8 2.3 0.3 2.1 0.2

Diuretics 3.0 37.8 3.4 19.5 1.9 8.5
Furosemide 1.4 15.1 2.3 10.3 1.5 6.7
Hydrochlorothiazide 1.7 22.7 1.1 9.2 0.3 1.8

Lipid-regulators 156.3 25.4 146.1 13.2 130.2 6.2
Bezafibrate 0.0 0.7 0.0 0.2 0.0 0.1
Fenofibrate 155.0 18.9 145.2 8.0 129.2 2.0
Gemfibrozil 1.3 5.8 0.8 4.9 1.0 4.1

Psychiatric medications 56.4 6.1 182.0 5.5 9.6 3.2
Carbamazepine 0.8 1.0 0.7 0.9 1.0 0.8
Diazepam 1.2 0.0 1.2 0.1 1.4 0.0
Lorazepam 3.1 3.3 2.1 3.4 1.9 0.6
Paroxetine 51.3 1.6 178.0 1.0 5.3 1.8

Total 553.0 253.9 1942.6 148.5 305.6 88.0
% AIADs 4.8 58.0 1.7 62.0 9.3 70.0
% Antibiotics 53.0 13.0 81.0 11.0 42.0 10.0
% Beta-blocker 3.2 1.7 0.4 1.2 2.7 0.5
% Diuretics 0.6 15.0 0.2 13.0 0.6 9.7
% Lipid-regulators 28.0 10.0 7.5 8.9 43.0 7.0
% Psychiatric
medications

10.0 2.0 9.0 4.0 3.0 4.0
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two-stage MAD process, the total ML of the final effluent sludge was
reduced to 306 mg day−1 1000 inh−1 in phase I and 88 mg day−1

1000 inh−1 in phase II (44.7 and 65.3%, respectively). The increased re-
duction observed in phase II was connected to the highest removal effi-
ciencies (REs) achieved for several of the analyzed PhACs compared to
phase I, as it will be further discussed in Section 3.3.

ML values for PhACs are well characterized in the wastewater treat-
ment lines of WWTPs (Papageorgiou et al., 2016; Park et al., 2017;
Verlicchi et al., 2012; Zorita et al., 2009). However, to the best of the au-
thors' knowledge, the present study is the first reporting ML values for
PhACs in a sewage sludge treatment line. The data reported here should
be taken into consideration, since treated sewage sludges are commonly
applied as organic amendments to agricultural lands in many countries.

3.3. Removal efficiencies (REs) of PhACs in the two-stage MAD plant

Table 4 shows the REs (mean + SD) calculated for the targeted
PhACs in the AcD and MD, as well as the overall REs for the global
two-stage MAD process, during the experimental phases I and II. The
REs were calculated using mass balance as detailed in Supplementary
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materials. Those compounds with average concentration values
<10 ng g−1 and a frequency of detection <50% in both phases
(bezafibrate, indomethacin, propyphenazone, sulfadiazine, and sulfa-
methazine, Table 2) were excluded from the calculations.

According to the Kruskal-Wallis test, statistically significant differ-
ences (p < 0.05 or p < 0.10) were observed between phases I and II
for the REs of 2 PhACs in the AcD, 7 PhACs in the MD, and 4 PhACs in
the global MAD process (Table 4). In phase I, the REs achieved for the
majority of PhACs were similar in both digesters except for gemfibrozil,
which showed a significantly higher RE in the AcD. In contrast, signifi-
cantly higher REs of acetaminophen, atenolol, codeine, hydrochlorothi-
azide, and lorazepamweremeasured in theMD compared to the AcD in
phase II (REs > 70%, Table 4).

Mean RE values were statistically higher in the MD in phase II com-
pared to phase I for carbamazepine (13 vs. −56%), clarithromycin (88
vs. 39%), codeine (91 vs. 70%, respectively), gemfibrozil (16 vs.
−141%), ibuprofen (17 vs. −306%), lorazepam (79 vs. 15%), and pro-
pranolol (100 vs. 18%). The Spearman rank-correlation test (Table S4)
showed that the SRT was the only operational/environmental variable
displaying a strong correlation (p< 0.01)with the REs of the aforemen-
tioned PhACs in the MD, with the only exception of codeine and
clarithromycin. Consequently, the extension of the SRT from 12
(phase I) to 24 days (phase II) was significantly connected with an im-
proved removal of most PhACs in the MD.

The influence of SRT on the efficiency of removal of PhACs in anaer-
obic digesters has been seldom addressed in previous studies, leading to
some contradictory conclusions. Samaras et al. (2014) and Gonzalez-Gil
et al. (2016) reported increases of the mean REs of some organic
micropollutants when the SRT was extended from 8 to 20 days and
from 10 to 30 days, respectively, in line with the results presented
here, while Carballa et al. (2007) and Yang et al. (2016) did not observe
a significant influence of SRT on the REs of PhACs and personal care
products.

High mean REs (>80%) with low standard deviations (<10%) were
achieved throughout the global two-stage MAD process at least in one
of the experimental phases for acetaminophen, clarithromycin,
hydrochlorothiazide, naproxen, sulfamethoxazole, and trimethoprim
(Table 4). Similar REs have been found in the literature for these
PhACs in sludge AD processes operating under different conditions
(Gonzalez-Gil et al., 2016; Martín et al., 2012; Narumiya et al., 2013;
Phan et al., 2018; Radjenović et al., 2009; Samaras et al., 2013, 2014;
Yang et al., 2016, 2017), with the exception of hydrochlorothiazide,
for which various authors (Jelić et al., 2012; Radjenović et al., 2009)
have observed lower average RE values (71% and 55%, respectively).
Very low (<30%) or negative mean REs were measured for the global
two-stage MAD process in both experimental phases for carbamaze-
pine, diazepam, diclofenac, gemfibrozil, ibuprofen, and paroxetine
(Table 4), in accordance with previous reports (Carballa et al., 2007;
Gonzalez-Gil et al., 2019; Narumiya et al., 2013; Phan et al., 2018;
Radjenović et al., 2009; Yang et al., 2016, 2017), except for the AIAD ibu-
profen, for which medium-to-high REs (ranging 30 to 95%) (Carballa
et al., 2007; Samaras et al., 2013, 2014) or very low REs (ranging from
negative RE values to 20%) have been previously measured (Gonzalez-
Gil et al., 2016; Phan et al., 2018; Radjenović et al., 2009; Yang et al.,
2016, 2017).

Several authors have proposed that the molecular structure of trace
organic compounds is the major factor governing their removal from
wastewater (Phan et al., 2018; Tadkaew et al., 2011; Wijekoon et al.,
2015; Yang et al., 2016, 2017). Hydrophobic PhACs or hydrophilic
PhACs with strong electron-donating functional groups (EDGs) are
more easily removed under anaerobic conditions, while those carrying
at least one strong electron-withdrawing functional group (EWG)
were more resistant to removal (Wijekoon et al., 2015; Yang et al.,
2016).

In the present study, among those hydrophilic PhACs with strong
EDGs previously referenced in literature (Wijekoon et al., 2015; Yang



Table 4
Mass removal efficiencies (REs, %) of the pharmaceutically active compounds (PhACs) in the acidogenic digestor (AcD), methanogenic digestor (MD), and global two-stage mesophilic
anaerobic digestion (MAD) process, measured in the experimental phases I (n = 4) and II (n = 5). Values shown are means ± SD. According to the Kruskal-Wallis test, values marked
with asterisks (p< 0.05* and p< 0.1**) were significantly different between the two experimental phases (I and II) in the same stage (AcD, MD, or full MAD process), and valuesmarked
with x were significantly different (p < 0.05) comparing between digesters (AcD and MD) in the same experimental phase (I or II).

Therapeutic groups AcD MD Full two-stage MAD

Phase I Phase II Phase I Phase II Phase I Phase II

AIADs Acetaminophen 90 ± 0 −8167 ± 16770x 100 ± 0 98 ± 3.3x 100 ± 0 93 ± 13
Codeine −41 ± 225 23 ± 26x 70 ± 7.8⁎ 91 ± 10⁎x 47 ± 79 92 ± 8.4
Diclofenac −184 ± 319 −15 ± 41 8.4 ± 72 36 ± 4.3 −40 ± 130 27 ± 23
Ibuprofen −294 ± 254 −5.8 ± 42 −306 ± 232⁎ 17 ± 14⁎ −1714 ± 1249⁎⁎ 13 ± 39⁎⁎

Ketoprofen 15 ± 35 16 ± 51 35 ± 60 38 ± 16 52 ± 48 53 ± 22
Naproxen 90 ± 11 85 ± 5.2 93 ± 14 80 ± 17 98 ± 3.7 97 ± 3.5

Antibiotics Clarithromycin 42 ± 97 68 ± 40 39 ± 32 ⁎⁎ 88 ± 6.2⁎⁎ 81 ± 23 96 ± 6.5
Ofloxacin −390 ± 784 39 ± 28 64 ± 25 50 ± 12 50 ± 40 71 ± 10
Sulfamethoxazole 67 ± 32 100 ± 0 60 ± 50 – 93 ± 7.9 100 ± 0
Trimethoprim 85 ± 20 80 ± 6.9 90 ± 8.9 89 ± 15 98 ± 3.5 97 ± 3.8

Beta-blockers Atenolol 31 ± 31 42 ± 27x 72 ± 36 77 ± 25x 75 ± 33 82 ± 25
Metoprolol 90 ± 2.0 90 ± 14 −76 ± 185 100 ± 0 77 ± 14 100 ± 0
Propranolol 20 ± 65 53 ± 86 18 ± 90⁎⁎ 100 ± 0⁎⁎ 13 ± 121⁎ 100 ± 0⁎

Sotalol 43 ± 27 36 ± 46 −60 ± 243 −2.2 ± 76 57 ± 31 53 ± 24
Diuretics Furosemide −26 ± 13 −2.9 ± 46 28 ± 59 35 ± 14 −23 ± 60 37 ± 23

Hydrochlorothiazide 34 ± 4.6 44 ± 23x 82 ± 25 79 ± 5.6x 89 ± 16 89 ± 4.7
Lipid-regulators Fenofibrate 10 ± 37⁎⁎ 57 ± 29⁎⁎ 18 ± 83 69 ± 32 4.6 ± 123⁎⁎ 91 ± 10⁎⁎

Gemfibrozil 46 ± 30⁎x −20 ± 52⁎ −141 ± 160⁎x 16 ± 29⁎ 0.1 ± 35 4.6 ± 46
Psychiatric medications Carbamazepine −29 ± 72 −136 ± 260 −56 ± 60 ⁎ 13 ± 25⁎ −81 ± 105 −84 ± 189

Diazepam −36 ± 105 – −69 ± 164 – −86 ± 262 –
Lorazepam 20 ± 39 −5.0 ± 66x 15 ± 63⁎ 79 ± 13⁎x 32 ± 58⁎ 80 ± 13⁎

Paroxetine −2241 ± 4278 −242 ± 647 19 ± 106 −911 ± 1626 −157 ± 253 −12 ± 150
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et al., 2016) only acetaminophen, atenolol, hydrochlorothiazide,
naproxen, sulfamethoxazole, and trimethoprim showed high REs
(>70%) in both experimental phases of the global two-phaseMAD pro-
cess (Table 4). Otherwise, clarithromycin, codeine, fenofibrate, meto-
prolol, and propranolol were highly removed (>80%, Table 4) only
under the operating conditions fixed for the experimental phase II
(SRTs of 5 and 24 days for AcD and MD, respectively). However, the
mean REs for gemfibrozil were very low (0.1 and 4.6% in phases I and
II, respectively). Tadkaew et al. (2011) and Yang et al. (2016) classified
this compound as a hydrophilic PhAC with EWG, and as such more re-
sistant to anaerobic removal.

PhACs with EWGs like carbamazepine, diazepam, diclofenac and
ibuprofen were not easily removed under the anaerobic conditions, in
accordance with previous studies (Wijekoon et al., 2015; Yang et al.,
2016), while others like ketoprofen, lorazepam and ofloxacin showed
mean REs around 50% in at least one experimental phase of the global
two-stage MAD process (Table 4). Even though ibuprofen and
ketoprofen are hydrophilic PhACs (logD < 3.2) with strong EDGs
(Tadkaew et al., 2011) and therefore likely to be removed under
anaerobic conditions, observed RE values were only remarkable for
ketoprofen (Table 4).

It is important to note that the highest REs for lorazepam and
ofloxacin were achieved only under the operating conditions fixed for
the experimental phase II, as it was remarked previously for several hy-
drophilic PhACswith strong EDGs (clarithromycin, codeine, fenofibrate,
metoprolol, and propranolol). These results show that additional factors
other than the chemical structure of PhACs (for example the opera-
tional/environmental conditions) could be decisive for their removal.

3.4. Quantification of Bacteria, Archaea and Fungi

Table S5 shows the absolute abundances of Bacteria, Archaea and
Fungi in the AcD andMD effluent samples, measured by qPCR through-
out the experimental phases I and II. The absolute abundances of
Bacteriawere in the range of 108–109 copies L−1 sludge in theAcD efflu-
ent, while they were kept around 1010 copies L−1 sludge in the MD ef-
fluent. The abundance of Archaea was ca. 108 copies L−1 sludge in the
AcD effluent and ranged between 108 and 109 copies L−1 sludge in the
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MD effluent. According to the Kruskal-Wallis and Conover-Iman
tests, there were only significant differences of the numbers of both
Bacteria and Archaea markers between the two experimental phases
in the MD effluent samples (Table S5). The higher counts of Archaea
in the MD in phase I agree with increased CH4 recovery rates
(Table 1). The average abundances observed here were below the
ranges previously reported in different types of anaerobic digesters
treating solid wastes, high-strength wastewaters, or municipal sew-
age sludge, measured by qPCR and digital droplet PCR approaches
(1013–1014 and 1010–1013 copies of 16S rRNA genes of Bacteria and
Archaea per L sludge, respectively; Jang et al., 2014; Kim et al.,
2015; Nettmann et al., 2010).

Regarding fungal populations, amplification products could not
be detected in samples of AcD and MD effluents in phase II, with
any of the two primer pairs used, in agreement with the previous
analyses conducted in the water line of the A2O process (Gallardo-
Altamirano et al., 2018). In addition, quantifications based on the
FungiQuant primer set, which was selected because of its higher
specificity for fungi compared to other commonly used primers
(Maza-Márquez et al., 2020), were below the limit of detection in
several phase I samples. Nonetheless, average quantifications were
106–107 and 109 copies L−1 sludge for the FungiQuant and LR
primers sets, respectively, indicating that, when detectable, fungal
populations in the two-stageMAD represented an important fraction
of the total microbial community.

3.5. Structure of bacterial, archaeal, and fungal communities in the two-
stage MAD plant

The diversity of Bacteria, Archaea, and Fungi in the two-stage MAD
plant was assessed by means of massive parallel sequencing of partial
small-subunit rRNA genes. A total of 16 sampleswere analyzed (four ef-
fluent samples from each stage, AcD and MD, collected through each of
the two experimental phases). Fungal diversity was not investigated in
phase II samples, which failed to render any amplification products, in
agreement with the results of the qPCR experiments. Following quality
filtering of the raw sequencing data, 152,052 and 261,977 16S rRNA
reads were kept for Bacteria and Archaea, respectively, and 18,452 18S
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rRNA reads for Fungi. The number of sequencing reads per sample
ranged 3998–19,967 for Bacteria, 7653–50,243 for Archaea, and
659–4171 for Fungi. In spite of these differences among the samples an-
alyzed, the R/E curves (Fig. S7) indicated that enough sequencing depth
was achieved to appropriately describe the diversity of the three
targeted microbial groups in the two-stage MAD system. Applying a
97% sequence identity cut-off, a total of 1341 Bacteria PHYs, 108
Archaea PHYs, and 246 Fungi PHYs were identified, with the numbers
of PHYs per sample ranging 68–785, 10–70, and 51–126, respectively.

Table S6 summarizes the numbers of average reads of Bacteria,
Archaea, and Fungi per digester and experimental phase, as well as
the average values of Richness (S), Shannon-Wiener (H′), Simpson's
(1-D), and Chao-1 indices of diversity. For both Bacteria and Fungi, the
indices described communities with medium-to-high species diversity
and low functional organization. In comparison, the average values of
H′ and 1-D indices indicated a much lower diversity and community
evenness of Archaea in both digesters, particularly in phase II samples.
The diversity of the Bacteria communities was also lower in the samples
retrieved throughout phase II, in both digesters.

The dendrograms in Fig. S8 show the clustering of the AcD and MD
samples according to the dis(similarity) of their bacterial, archaeal,
and fungal communities (relative abundances of PHYs detected by
Illumina sequencing). The global similarity of both Bacteria and Archaea
communities among samples was <20%, and ANOSIM analyses showed
that therewere significant differences among the community profiles of
either Bacteria or Archaea in samples retrieved from the same digester
(R= 0.43 and 0.81, respectively, p < 0.05) or throughout the same ex-
perimental phase (R = 0.72 and 0.63, respectively, p < 0.05).

3.5.1. Diversity of Bacteria communities
Taking the16 samples altogether, Bacterial PHYswith>0.1% average

relative abundance were classified in 16 different Phyla, with
Proteobacteria, Bacteroidetes, and Firmicutes cumulatively comprising
nearly 80% of the community (29.74, 25.18 and 24.02%, respectively),
while 29 Phyla had a relative abundance >0.1% in at least one sample
(Fig. 1). The average relative abundances of bacterial clades at the
Order and Family levels in the global two-stage MAD process are sum-
marized in Table S7.

The dominant Phyla within the bacterial communities varied de-
pending on the digester and experimental phase. In the AcD effluent,
Proteobacteria dominated in phase I samples (46.61% average relative
abundance) followed by Bacteroidetes, Chloroflexi, and Firmicutes
(25.59, 11.36 and 7.66%, respectively), while Firmicuteswere prevalent
in phase II (62.05% average relative abundance) followed by
Bacteroidetes and Proteobacteria (12.85 and 12.54%, respectively). In
the MD effluent, Bacteroidetes and Proteobacteria codominated in both
experimental phases (38.26% and 31.23% in phase I, 24.02% and
28.60% in phase II, respectively), followed by Chloroflexi and Firmicutes
(13.21% and 7.44% in phase I, 13.76% and 18.94% in phase II, respec-
tively). The top four aforementioned bacterial phyla (Bacteroidetes,
Chloroflexi, Firmicutes, and Proteobacteria) are often detected as major
components of the bacterial community in mesophilic sewage sludge
AD systems bymetagenomic approaches based on high-throughput se-
quencing (McIlroy et al., 2017; Nelson et al., 2011;Wu et al., 2017; Yang
et al., 2014), and comprise microorganisms that are known to partici-
pate in one or more of the stages of the AD process (hydrolysis,
acidogenesis and acetogenesis) (Westerholm and Schnürer, 2019; Xia
et al., 2016).

Members of recently proposed Candidate Phyla were detected in
most samples, some of which reached average relative abundances
>1% within the bacterial communities. Ca. Saccharibacteria (TM7)
were detected at relative abundances ranging 0.07–4.87% in the AcD ef-
fluent samples of phases I and II, while Ca. Cloacimonetes (WWE1)were
particularly abundant in phase II samples, in both the AcD andMD efflu-
ents (1.85–8.66% and 0.40–5.52%, respectively), and Ca. Atribacteria
(OP9/JS1) were mostly detected in MD samples of phase II
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(0.15–4.32% relative abundance). The roles of these new Phyla in
WWTPs or AD processes are just starting to be elucidated, but there is
evidence of their involvement in organic matter depolymerization, fer-
mentation, and syntrophic associations with methanogens (Kindaichi
et al., 2016; Nobu et al., 2016; Westerholm et al., 2020).

Differences of the community composition among the two digesters
and the experimental phaseswere also detected at the Class, Order, and
Family levels. Bacteroidia/Bacteroidales displayed the highest relative
abundances in the AcD effluent in phase I samples and in the MD efflu-
ent in both experimental phases, while Clostridia and Bacilli/Clostridiales
and Turicibacterales codominated the community in the AcD effluent in
phase II samples (data not shown). Fig. S9 displays a heatmap of the rel-
ative abundances of bacterial PHYs clustered at the Family level, includ-
ing only those with ≥1% abundance in at least one sample. The most
abundant families in the AcD effluent community were Rikenellaceae
in phase I (11.13%) and Turicibacteraceae in phase II (25.00%), while
Rikenellaceae were prevalent in the MD effluent in both experimental
phases (33.89 in phase I and 18.33% in phase II).

SIMPER analyses were carried out aiming to evaluate which PHYs
contributed most to the dis(similarity) of the bacterial communities in
the different groups of samples analyzed (Table S8). The overall similar-
ity was lower among the AcD effluent samples (28.09%) compared to
theMD (39.95%).When sampleswere grouped by experimental phases,
the overall similarity was higher in phase I (55.94%) than in phase II
(25.73%). SIMPER results also allowed to conclude that the bacterial
community was highly dissimilar when comparing among the two
digesters (69.08%) or the two experimental phases (75.05%). Five
PHYs (PHY0384, PHY0142, PHY0527, PHY0453 and PHY0321, related
to the families Turicibacteraceae, Rikenellaceae, Peptostreptococcaceae,
Clostridiaceae and Caldilineaceae, respectively) were among those
making the highest contributions to explain such dissimilarities, either
among the two digesters or the experimental phases; however,
the contributions were always <2% for each individual PHY
(Table S8E and F).

To better illustrate the observed differences of the bacterial com-
munity structure in the AcD and MD effluents during the two exper-
imental phases, the samples were ordinated by MDS based on the
relative abundances of the PHYs identified by Illumina sequencing,
clustered at the Phyla and Family levels (Figs. 2A, B). At both
taxonomic levels, the ordinations show that the community struc-
ture was more similar between the two digesters in phase I than in
phase II, as also observedwith SIMPER analysis. Remarkably, a strong
negative correlation occurred among Proteobacteria and Firmicutes, two of
the most abundant Phyla in the samples (Fig. 2A). Comamonadaceae and
Xanthomonadaceae were the main families of the Proteobacteria
increasing their relative abundances in the samples of the AcD during
phase I, while Clostridia families (Christensenellaceae, Clostridiaceae,
Halanaerobiaceae, Peptostreptococcaceae, and Ruminococcaceae) together
with Turicibacteraceae prevailed in the AcD throughout phase II.
Samples of the MD had a more similar community in the two
phases, sharing 7 of the 10 families with the highest relative
abundances: Anaerolinaceae, Caldilineaceae (Chloroflexi), Rikenellaceae
(Bacteroidetes), Comamonadaceae, Hyphomicrobiaceae, Oxalobacteraceae,
and Rhodobacteraceae (Proteobacteria).

Overall, moderate-to-strong positive correlations (r = 0.5–0.75)
were found among the indicators of the efficiency of methanogenesis
(VSR, CH4 in biogas, or CH4 recovery rate) and the relative abundances
of Dethiosulfovibrionaceae, Rikenellaceae, Syntrophaceae, and
Turicibacteraceae (Fig. 2B and C, Table S9). Contrariwise, the relative
abundances of Christensenellacae, Cytophagaceae, Lachnospiraceae,
Moraxellaceae, Porphyrimonadaceae, Rhodocyclaceae, Saprospiraceae,
and Xanthomonadaceae displayed strong negative correlations (r <
−0.7) with VSR and CH4 recovery rate. The abovementioned families
plus Ruminococcaceae and Propionibacteriaceae were correlated posi-
tively (r = 0.5–1.0) with the values of the VFA/ALK ratio and OLR
(Fig. 2B and C, Table S9).



Fig. 1.Heatmapdisplaying the relative abundances of Bacteria phylotypes (Phylum level), detected by Illumina sequencing in the acidogenic digestor (AcD) and themethanogenic digestor
(MD) effluent samples in the experimental phases I and II.
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In the present study, the dominant phylotypes in the AcD shifted
from Proteobacteria in phase I to Firmicutes in phase II, showing that dif-
ferent groups of microorganisms acting as drivers of the hydrolysis and
acidogenesis processeswere selected under the different operating con-
ditions applied. Among the families whose relative abundances
displayed a positive correlation with the VFA/ALK ratio (Fig. 2 and
Table S9), Cytophagaceae, Lachnospiraceae, and Xanthomonadaceae
were more abundant in phase I (Fig. S9), when the AcD was subjected
to the highest OLR, leading to a fast generation and accumulation of
VFAs and lowmethaneproduction (Table 1A), thus enabling an efficient
separation of the AD process in two different stages. Members of the
Cytophagaceae and Lachnospiraceae are both well-known for their key
roles in the hydrolysis of several types of macromolecules, and
10
Lachnospiraceae generate VFAs such as acetate, propionate, and butyrate
through fermentation (Biddle et al., 2013; McBride et al., 2014). On the
other hand, Xanthomonadaceae are mostly strictly aerobic bacteria;
however, they have been often found in significative relative abun-
dances in AD bioreactors, being their roles in these systems still not
well defined (Hao et al., 2016).

As previously stated, Clostridiales and Turicibacterales codominated
the bacterial community in the AcD during phase II. Several families
comprising well-characterized anaerobic acidogenic bacteria of the
Clostridiales reached their highest relative abundances in the AcD
(Fig. S9), being consistently favored by higher %VS/TS (Fig. 2,
Table S9B). Of these, only the Christensenellaceae and Ruminococcaceae
were found positively correlated to the VFA/ALK ratio, together with



Fig. 2.Non-metric multidimensional scaling (MDS) plots, illustrating the ordinations of the samples retrieved from the acidogenic digestor (AcD) and themethanogenic digestor (MD) in
phases I and II, according to the relative abundances of the Bacteria and Archaea phylotypes identified by Illumina sequencing. A. Ordination based on the relative abundance of Bacteria at
the Phylum level. B. Ordination based on the relative abundance of Bacteria at the Family level. C. Correlations among operational parameters and the indicators of the efficiency of the AD
process and the ordination shown in plot B. D. Ordination based on the relative abundance of Archaea at the Genus level. E. Correlations among the operational parameters and the
indicators of the efficiency of the AD process and the ordination shown in plot D. Vectors in plots A, B and D represent the direction throughout the ordination of the relative
abundances of the prokaryotic taxa with an average relative abundance ≥1% in a set of samples retrieved from the same digester and phase. Vectors in plots C and E represent the
direction throughout the ordination of the abiotic variables % CH4 in biogas, CH4 recovery rate, volatile solids/total solids percentage (%VS/TS), volatile fatty acids to alkalinity ratio
(VFA/ALK), sludge retention time (SRT), organic loading rate (OLR), and % of volatile solids removal (%VSR). The stress level of the MDS plots (<0.1) validates the 2D-representation of
the biotic data distribution (Clarke and Warwick, 2001). Vectors with a length shorter than 0.2 had negligible influence on the ordination and are not shown.

M.J. Gallardo-Altamirano, P. Maza-Márquez, N. Montemurro et al. Science of the Total Environment 789 (2021) 147869
Propionibacteriaceae (Actinobacteria) (Table S9B), which also occurred
at high relative abundances in two samples of this experimental period
(Fig. S9). The Turicibacteraceae is a recently proposed family including
only the Genus Turicibacter, described as anaerobic fermenting organ-
isms generating lactate as the major end-product (Bosshard et al.,
11
2002; Verbarg et al., 2014). Although lactate is a commonproduct of fer-
mentation, its relevance as an intermediate of AD processes has been
seldom addressed; however, it has been reported that lactate is effi-
ciently oxidized to acetate in anaerobiosis during the acetogenic step,
and the genes encoding this trait are widespread among Bacteria
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(Detman et al., 2018). Overall, Clostridiceae and Halanaerobicaeae to-
gether with Turicibacteraceae displayed positive correlations among
them, and alsowith increasing %CH4 in the biogas (Fig. 2B and Table S9).

In the next step of the two-stage MAD, acetate, hydrogen and CO2 are
produced from VFAs in the MD prior to methanogenesis, through the ac-
tivity of the homoacetogens and syntrophic acetogens which mostly
belong to the Firmicutes and Proteobacteria, although members of the
phyla Actinobacteria, Bacteroidetes, Ca. Cloacimonetes, Chloroflexi, and
Synergistetes have been also postulated as partners or supporters of
methanogens in syntrophic metabolic reactions (Narihiro et al., 2015;
Westerholm and Schnürer, 2019). Clostridiaceae, Halanaerobiaceae,
Peptostreptococcaceae, and Ruminococcaceae (Firmicutes) were common
to all samples of the two-stage MAD (Fig. S9) and comprise bacteria
able to provide methanogens with either hydrogen or acetate through
homoacetogenesis (Drake et al., 2014; La Reau and Suen, 2018; Oren,
2014; Slobodkin, 2014); however, none of these families showed a strong
positive correlation with CH4 recovery rates (Table S9), suggesting that
this step was carried out by a functionally redundant community and
did not rely on the relative abundance of particular populations. In
contrast, the relative abundances of the Dethiosulfovibrionaceae
(Synergistetes), Syntrophaceae (Deltaproteobacteria), and Rikenellaceae
(Bacteroidetes) correlated positively with both VSR and CH4 recovery
rates, and at the same time were favored by longer SRTs (Fig. 2B and
Table S9).Dethiosulfovibrionaceae encompassesmoderately halophilic an-
aerobic bacteria able to ferment peptides and amino acids generating sub-
strates formethanogenesis such as acetate, H2 and CO2, among other end-
products (Magot et al., 1997), and have been described as important
players in the anaerobic treatment of fish-canning wastewaters (Militon
et al., 2015). The Family Syntrophaceae were the only clade of well-
known syntrophic acetogens reaching an average relative abundance
>1% in the two-stageMAD,more specifically in samples of theMDduring
phase II. Finally, the species of theRikenellaceae are regarded as anaerobic,
mesophilic bacteria able to ferment carbohydrates or proteins, generating
propionate, succinate, acetate, alcohols, H2 or CO2 as end products (Graf,
2014; Su et al., 2014). Rikenellaceaewas shared by all samples (Fig. S9)
andwas themost abundant taxa at the family level in theMD in both ex-
perimental phases, pointing to a key role of their interactions with me-
thanogenic archaea for the performance of the two-stage MAD plant.
Members of this clade have been found in high relative abundances in an-
aerobic WWTPs and AD reactors previously (Hao et al., 2016; Yi et al.,
2014). Rikenellaceae relative abundance was negatively correlated with
OLR, in agreement with previous reports (Hao et al., 2016).

3.5.2. Diversity of Archaea communities
The heatmaps in Fig. 3 display the relative abundances of archaeal

PHYs in the two-stage MAD samples, at the Phylum, Family, and
Genus levels. On average, 99.90% of the Archaea characterized in the
samples belonged to Euryarchaeota, while PHYs classified within the
Thaumarchaeota and the miscellaneous Crenarchaeota group (MCG)
were a minority. Euryarchaeota encompasses most of themethanogens,
together with sulfate-reducing, extreme thermophilic, and halophilic
archaea (Oren, 2019).

Methanomicrobia were the dominant Class in either the AcD or the
MD effluent samples, and throughout both experimental phases
(75.00–100.00% relative abundance), followed by Methanobacteria
(0.00–23.72%). Methanomicrobiales were also the prevalent Order in
most samples, except those retrieved in phase II from the AcD effluent
and one sample from the MD effluent, which were dominated by
Methanosarcinales (59.73–92.10%). The analyses at the Family and
Genus levels revealed that the prevalent members of the archaeal com-
munity differed among both the digesters and the experimental phases
(Fig. 3). The genera Methanolinea (Methanoregulaceae) (81.15%) and
Methanosarcina (Methanosarcinaceae) (86.99%) displayed the highest
average relative abundances in the samples of the AcD effluent during
phases I and II, respectively. In the MD effluent, the community was
codominated by Methanospirillum (Methanospirillaceae) and
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Methanolinea in phase I (30.80 and 29.85%, respectively), while
Methanospirillum prevailed in phase II (57.81%). The specialist
acetoclastic Methanosaeta (Methanotrix), was only detected in higher
relative abundances thanMethanosarcina (6.96–18.25%) in the samples
from the MD effluent in phase I.

According to SIMPER analysis (Table S10), the global similarities of
the Archaea communities among samples of the AcD and MD effluents
were 51.55% and 43.55%, respectively, while phase I and II samples
displayed 56.59% and 40.45% similarities, respectively. As observed for
Bacteria, the archaeal communities were highly dissimilar when com-
pared either among the two digesters (68.56%) or the experimental
phases (69.41%). PHY045 and PHY048 (Methanolinea), PHY061
(Methanospirillum), and PHY080 (Methanosarcina) were confirmed al-
together as themajor contributors to the observed dissimilarities, either
among the digesters (37.77%) or the experimental phases (41.52%)
(Table S10E and F).

Fig. 2D displays the MDS ordination of the samples according to rel-
ative abundances of the archaeal PHYs identified by Illumina sequenc-
ing clustered at the Genus level, and their relationships with the shifts
of the operational parameters and the indicators of the efficiency of
methanogenesis are depicted in Fig. 2E and Table S11. The relative
abundances ofMethanospirillum andMethanoculleus correlated strongly
and positively with VSR, CH4 recovery rates and %CH4 in the biogas (r ≥
0.8), while the prevalence of these two genera was favored by longer
SRTs (r ≥ 0.9) and lower ORL and VFA/ALK ratios (r ≤ −0.9). In contrast,
higher ORL and VFA/ALK ratios (r ≥ 0.7) and shorter SRTs (r ≤ −0.7) fa-
vored the dominance of Methanolinea and Methanobrevibacter, leading
to a less efficient methanogenesis (Table S11).

Antagonistic trendswere detected among the relative abundances of
Methanosaeta and Methanosarcina throughout the experimental period
(Fig. 2D). Competition among these two genera has been thoroughly re-
ported in previous studies (Castellano-Hinojosa et al., 2018) and is ex-
plained by differences in their respective affinities for acetate and
utilization rates, which favor the growth of Methanosaeta in environ-
ments with low concentrations of acetate or VFAs, or low OLR (Xu
et al., 2018; Yang et al., 2014). This is consistent with the correlations
observed here among the relative abundances of Methanosaeta and
the operational parameters %VS/TS, VFA/ALK ratio, and OLR (r =
−0.99,−0.66 and −0.65, respectively, Fig. 2E, Table S11).

In theAcD,Methanolineawere prevalent in phase I, butwere displaced
byMethanosarcina in phase II (Fig. 3), and this shift was connected with
higher biogas and CH4 production (Table 1A), making the separation of
hydrolysis/acidogenesis from acetogenesis/methanogenesis only partial
during phase II, as already addressed in Section 3.1. In addition,
Fountoulakis et al. (2004) revealed the inhibitory effect of some pharma-
ceuticals (i.e., diclofenac, carbamazepine, or ofloxacin) on methanogens,
and Symsaris et al. (2015) showed that these negative effects were
more evident on acetoclastic methanogens than on hydrogenotrophic
methanogens. The high ML of ofloxacin detected in the AcD effluent in
phase I (1568.6 mg day−1 1000 inh−1, Table 3) could explain the under-
representation of acetoclastic methanogens.

To sum up, the results of Illumina sequencing showed that methane
generation in the two-stageMADwasmostly driven by the biological ac-
tivity of carbon-dioxide reducing methanogens which use hydrogen or
formate as primary electron donors (Methanolinea,Methanospirillum), or
“versatile” methanogens such as Methanosarcina, able to generate CH4

by acetoclastic, hydrogenoclastic, and/or methylotrophic pathways
(Oren, 2019). Steady-state in MAD processes has been classically con-
nected to the prevalence of acetoclastic methanogens; however, stable
operation has been also thoroughly reported in systems dominated by
Methanospirillum (reviewed by Saha et al., 2020).

3.5.3. Diversity of Fungi communities
Fig. S10 shows the heatmap of the relative abundances of fungal PHYs

clustered at the Phylum and Order levels in both digesters of the two-
stage MAD system during phase I. PHYs were affiliated to 7 different



Fig. 3.Heatmap displaying the relative abundances of Archaeal phylotypes (Phylum, Family and Genus levels), detected by Illumina sequencing in the acidogenic digestor (AcD) and the
methanogenic digestor (MD) effluent samples in the experimental phases I and II.
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Phyla, and the communitywas dominated byAscomycota in bothAcDand
MD effluent samples (87.69 and 81.60% average relative abundances, re-
spectively), followed by Basidiomycota (7.07 and 10.23%, respectively),
Mortierellomycota (4.29 and 6.13%), Mucoromycota (0.54 and 1.17%),
Chytridiomycota (0.05 and 0.37%), Blastocladiomycota (0.12 and 0.32%),
and Kickxellomycota (0.23 and 0.17%).

At the Order level, 41 different clades were detected, of which
Saccharomycetales comprised nearly half of the identified reads
(48.05%) and were followed in descending order of relative abundance
by Eurotiales, Hypocreales, Mortierellales, Trichosporonales, and
Microascales (15.91, 6.47, 5.12, 3.93 and 3.76%, respectively). Comparing
13
among the two digesters (Fig. S10), Saccharomycetales displayed >55%
relative abundance in all the samples of the AcD, while in the MD the
fungal community was codominated by both Saccharomycetales and
Eurotiales (35.03 and 21.85% average relative abundances, respectively).
SIMPER analysis (Table S12) showed that the global similarities among
the samples of theAcDandMDeffluentswere 42.54 and 45.37%, respec-
tively. The fungal community was 61.89% dissimilar when comparing
both digesters, and 15 PHYsmostly affiliated to the Ascomycotawere re-
quired to explain >25% of such dissimilarity. Overall, the structure and
diversity of the fungal communities in the AcD and MD effluents were
similar to those previously characterized in the water line of the A2O
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system during phase I (Gallardo-Altamirano et al., 2019), except for an
increase of the relative abundance of Ascomycota and a reduction of
the relative abundance of Blastocladiomycota.

Not many studies have been devoted to identifying the fungal
communities in anaerobic reactors, but those available demonstrate
that fungi are viable and active in such environments and highlight
relevant roles for these eukaryotic microorganisms in the hydroly-
sis of carbohydrates, lipids and proteins, and the generation of
VFAs (Langer et al., 2019; Vinzelj et al., 2020). The dominance of
Ascomycota and Basidiomycota in the fungal communities was pre-
viously observed in full-scale AD systems digesting or co-digesting
feedstocks derived from plant, animal, or food sources (Bücker
et al., 2020; Langer et al., 2019; Young et al., 2018). Several genera
of the Ascomycota are facultatively anaerobic yeasts with fermenta-
tive metabolism which display a variety of traits potentially con-
tributing to the AD process, such as lipolytic and proteolytic
activities and the ability to produce VFAs (Bücker et al., 2020).

Strictly anaerobic fungi of the Neocallimastigomycota were not de-
tected in the two-stage MAD plant analyzed in this study, nor in the
water line of the associated A2O system (Gallardo-Altamirano et al.,
2019). Members of this Phylum inhabit the gut of herbivores and estab-
lish mutualistic symbiosis with methanogens, enhancing the digestion
of plantmaterial (Hooker et al., 2019). These interactions are postulated
to occur also in engineered AD processes, since Neocallimastigomycota
have been detected by cultivation-independentmethods in biogas reac-
tors fed with mixtures of lignocellulose-rich plant materials and animal
wastes (Dollhofer et al., 2017; Kazda et al., 2014). However, absence of
strictly anaerobic fungi was reported in analogous AD systems (Langer
et al., 2019; Young et al., 2018), in agreementwith the results presented
here. Besides the nature of the feedstock, several other factors are
reported to strongly influence the occurrence and activity of
Neocallimastigomycota in biogas reactors, including temperature and
SRT (Vinzelj et al., 2020).

3.6. Linking population dynamics of Bacteria and Archaea to the REs of
PhACs in the two-stage MAD plant

Fig. 4. shows the MDS ordination of AcD and MD effluent samples
based on the REs of 6 PhACs whichwere effectively removed in both di-
gesters in the two experimental phases. Vectors representing the trends
through the ordination of either the REs (Fig. 4A) or the relative abun-
dances of bacterial (Fig. 4B, C) and archaeal PHYs (Fig. 4D) were over-
lapped on the plots, and the Pearson's product-moment correlation
coefficients among the vectors are displayed in Table S13. Only strong
positive correlations (r > 0.75) among REs and the relative abundances
of bacterial and archaeal groups will be discussed here.

The REs of naproxen and ketoprofen correlated strongly with the rel-
ative abundances of several families of Firmicutes of the class Clostridia,
plus the families Propionibacteriaceae (Actinobacteria) and Cytophagaceae
(Bacteroidetes), and the versatile methanogenic genus Methanosarcina.
Similar trendswere observed for trimethoprim, although the correlations
were weaker (r< 0.75) for some of the abovementioned groups. The REs
of ofloxacin and fenofibrate displayed strong correlations with the rela-
tive abundances of 8 bacterial families each, which belonged to the
Bacteroidetes, Firmicutes, and Proteobacteria in the case of ofloxacin, and
to the Chloroflexi, Alpha- and Betaproteobacteria, Synergistetes, and
Thermotoga in the case of fenofibrate. Strong correlations were also
found among ofloxacin REs and the relative abundances of 4 genera of
methanogens, including the acetoclastic specialist Methanosaeta, while
the REs of fenofibrate correlated with the relative abundances of
Methanobacterium and Methanocorpusculum. Finally, the REs of atenolol
increased concomitantly with the relative abundances of three bacterial
families (Intrasporangiaceae, Oxalobacteraceae, and Syntrophaceae;
Actinobacteria, Beta- and Deltaproteobacteria, respectively) plus the
Candidate phyla Atribacteria and Cloacimonetes, and two genera of
hydrogenotrophic methanogens (Methanoculleus andMethanospirillum).
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According to the literature, atenolol, naproxen, and trimethoprim
are usually removed very efficiently (>70%) in anaerobic WWT sys-
tems, while ofloxacin and ketoprofen are 30–70% removed (Lim et al.,
2020), and few data are available for fenofibrate (Kujawa-Roeleveld
et al., 2008). The biotransformation or biodegradation pathways
followed by these and other PhACs in AD sludge remain largely unex-
plored to date; however, some findings reported in earlier studies
which are in accordance with the observations presented in this work
will be discussed below.

The biotransformation of naproxen and trimethoprim under anaero-
bic conditions is well characterized and takes place via O-demethylation
of phenyl-methyl-ether groups (Ghattas et al., 2017). Wolfson et al.
(2018, 2019) characterized the diversity of two consortia able to O-
demethylate naproxen under methanogenic and sulfate-reducing condi-
tions, observing an enrichment of fermentative and acetogenic bacteria,
mostly belonging to the Phylum Bacteroidetes and/or the Class Clostridia;
in addition, these authors postulated that both acetoclastic and
hydrogenotrophic methanogens could contribute to convert the methyl
groups of naproxen into methane, either by readily using acetate or
through an association with syntrophic acetate oxidizers, respectively.
Interestingly, no overlap of the bacterial community structure was
found among the two consortia, since the dominating families differed
depending on the source of the inoculum (AD sludge or anoxic marine
sediments), supporting that biotransformation of naproxen should
rely on functionally redundant taxa. Similarly, Liang et al. (2019)
reported the biotransformation of trimethoprim under sulfate-reducing
conditions through O-demethylation and further degradation
of the hydroxylated derivate, by consortia dominated (>60%
cumulative abundance) by Classes Bacteroidia, Sphingobacteriia,
(Bacteroidetes), Clostridia (Firmicutes), and Deltaproteobacteria
(Proteobacteria). The positive correlations found here among the
REs of naproxen and trimethoprim and the relative abundances of
Cytophagaceae (Bacteroidetes), the acetogens of the Class Clostridia
(ie. Christensenellaceae, Halanaerobiaceae, Peptostreptococcaceae,
Ruminococcacee) and the Genus Methanosarcina (Table S13) are
in accordance with the aforementioned studies and suggest that
analogous patterns of biotransformation could take place in the
two-stage MAD, although confirming this hypothesis will require
additional research efforts.

Fluoroquinolone antibiotics tend to adsorb to sludge in WWTPs,
hence reaching significant concentrations in AD systems, and are
regarded as not easily biodegradable (Rusch et al., 2019). Nonetheless,
these PhACs undergo a variety of biological transformations in the envi-
ronment, mediated by both fungi and bacteria. Over 20 transformation
products have been identified to date for ciprofloxacin, either generated
by modification reactions (ie., acetylation, formylation, nitrosation, or
succinylation); cleavage of the piperazine ring; or through the decar-
boxylation, defluorination, or hydroxylation of the fluoroquinolone
core structure (Rusch et al., 2019). Six of the characterized transforma-
tion products were identified in a lab-scale sulfate-reducing up-flow
sludge bed reactor, and transformations involving hydroxylation and
cleavage of the piperazine ringwere postulated (Jia et al., 2019). It is as-
sumed that, due to the large number of possible reactions, consortia of
mixed species are more likely to be involved with biodegradation of
fluoroquinolones in the environment (Rusch et al., 2019). Accordingly,
in the present study, ofloxacin displayed strong positive correlations
with a large number of evolutionarily dispersed bacterial families
(Fig. 4, Table S13).

Fenofibrate is a highly hydrophobic compound which mostly ad-
sorbs onto sludge of WWT systems (Faria et al., 2020). To the best of
the authors' knowledge, no published studies are available concerning
neither the possible biodegradation/biotransformation pathways nor
the resulting metabolites of fenofibrate and the structurally related
compounds bezafibrate and gemfibrozil under anaerobic conditions.
Since fenofibrate is an ester and bezafibrate an amide, their structures
are prone to hydrolysis reactions (de Oliveira et al., 2016), and indeed,



Fig. 4. A. Non-metric multidimensional scaling (MDS) plots, illustrating the ordinations of the samples retrieved from the acidogenic digestor (AcD) and the methanogenic digestor (MD) in the experimental phases I and II, according to the removal
efficiencies of the PhACs atenolol, fenofibrate, ketoprofen, naproxen, ofloxacin, and trimethoprim, which are represented by vectors. B. Correlations among the relative abundances of Bacteria at the Phylum level (represented by vectors) and the
ordination shown in plot A. C. Correlations among the relative abundances of Bacteria at the Family level (represented by vectors) and the ordination shown in plot A. C. Correlations among the relative abundances of Archaea at the Genus level
(represented by vectors) and the ordination shown in plot A. Only the prokaryotic taxa with an average relative abundance ≥1% in a set of samples retrieved from the same digester and phase are represented. The stress level of the MDS plots
(<0.1) validates the 2D-representation of the biotic data distribution (Clarke and Warwick, 2001).
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biodegradation of bezafibrate to 4-chlorobenzoic acid through hydroly-
sis of the amide bondwas reported by Quintana et al. (2005) in a mem-
brane bioreactor system operated aerobically. Interestingly, in this
study the relative abundance of the Rhodobacteraceae showed a strong
positive correlation with the REs of fenofibrate (r = 0.98), and similar
patterns were previously observed for bezafibrate and gemfibrozil in
the water line of the A2O system associated to the two stage-MAD
(Gallardo-Altamirano et al., 2019). The Family Rhodobacteraceae com-
prises phenotypically, metabolically, and ecologically diverse species,
widely distributed in aquatic environments, including WWTPs
(Pujalte et al., 2014). Species of the Rhodobacteraceae often carry
genes for the aerobic and anaerobic degradation of aromatic com-
pounds (Carmona et al., 2009; Pérez-Pantoja et al., 2016); however,
the possible involvement of these bacteria in the degradation of PhACs
in AD systems has not been explored.

4. Conclusions

The results presented here provide new insights about themass bal-
ance and REs of 27 PhACs in a two-stage MAD plant treating sewage
sludge, also revealing robust interlinkages among operational parame-
ters, performance of methanogenesis, shifts of the microbial communi-
ties' structure, and REs of PhACs. From the operational/performance
point of view, it is concluded that an SRT of ≤2 days in the AcD is re-
quired to ensure effective separation of the acidogenesis and
methanogenesis processes in two-stage MAD systems treating sewage
sludge with %TS < 3%. SRTwas also themost significant operational pa-
rameter influencing PhACs removal; in particular, the longer SRT used
in the MD (24 d) significantly improved the REs of carbamazepine,
clarithromycin, gemfibrozil, ibuprofen, lorazepam, and propranolol. Be-
sides SRT, ORL andVFA/ALKwere also linked to shifts of the Bacteria and
Archaea communities' structure in theAcDandMD sludges,whichwere
subsequently correlated with differences in the efficiency of
methanogenesis (VSR, CH4 in biogas, and CH4 recovery rate) among
the experimental phases. Robust correlations were also detected
among the REs of atenolol, fenofibrate, ketoprofen, naproxen, ofloxacin,
and trimethoprim, and the relative abundances of several bacterial and
archaeal groups, pointing out to their potential involvement in the
biodegradation/biotransformation of these xenobiotics under AD
conditions.
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