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Summary  
Water is the basis of all life, a biotope for a variety of organisms and an important component of the 

natural balance. For this reason, it is essential to protect water from contamination by anthropogenic 

organic micropollutants (MPs) and to develop various innovative strategies for the treatment and reuse 

of wastewater. Conventionally biologically treated municipal wastewater contains many organic MPs 

that pose a potential threat to aquatic ecosystems and drinking water resources. To date, the focus has 

been on physicochemical processes such as activated carbon treatment or ozonation to improve the 

removal of MPs in wastewater treatment plants (WWTPs), while knowledge of biological removal 

processes and ways to optimize the biological removal of organic MPs is comparatively limited. 

Especially in arid and semi-arid regions, treated wastewater is also an important resource for wastewater 

reuse for irrigation or drinking water treatment. In consequence of increasing droughts due to climate 

change, the reuse of treated wastewater is also increasingly being discussed in Germany. Often the water 

is reused after targeted groundwater recharge, while concepts for optimizing the removal of MPs during 

soil passages are still scare. In order to assess the potential and limitations of biological wastewater 

treatment as well as targeted groundwater recharge for the removal of organic MPs, a better knowledge 

of the biological biotransformation processes and the environmental conditions influencing them is 

required. Microbial communities and their enzyme pools play a key role in these processes. However, 

the influence of environmental conditions on the composition and functional characteristics of microbial 

communities, and how this in turn affects the biotransformation potential of MPs with different 

structural characteristics, has been little studied. In addition, knowledge about MP-biotransforming 

bacteria is often derived from enrichment or even pure culture studies, which are not directly transferable 

to the environment. 

Against this background, this dissertation focuses on the systematic investigation of the 

biotransformation of MPs in contact with activated sludge (simulation of biotransformation processes 

in biological treatment stages of WWTPs) and filter materials (simulation of processes in groundwater 

recharge systems) under defined laboratory conditions. The aim is to elucidate relationships between 

the composition and functional characteristics of microbial communities, microbiologically determined 

biotransformation processes and their optimal process conditions, as well as the chemical structure and 

primary enzymatically catalyzed biotransformation reactions of MPs. 

The first part of the work focuses on the composition of microbial communities and the 

biotransformation of MPs depending on defined process parameters in five differently operated 

wastewater reactors, divided into two reactor cascades at pilot scale and one full-scale WWTP. The first 

cascade consisted of three reactors, the first of which served as a reference reactor with conventional 

activated sludge (CAS) treatment. The following reactors operate under anoxic to anaerobic and strictly 

anaerobic conditions, respectively. The other cascade consists of two reactors, the first anaerobic and 
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the second aerobic, followed by a simplified vessel to prevent nitrate output, as half of the effluent was 

recirculated to the first anaerobic reactor. All  five reactors and the WWTP were analyzed for the 

biotransformation of 33 MPs and the composition of the microbial community by LC-MS/MS and 16S 

rRNA gene sequencing, respectively. The results showed a slight but significant improvement in the 

overall biotransformation of MPs in the reactor cascades (about 20%) compared to the WWTP. In 

particular, the biotransformation of compounds that are not or only slightly degradable (< 30%) in 

conventional wastewater treatment, such as diatrizoate, venlafaxine and diclofenac, was significantly 

improved (about 70%). Twelve of the 33 MPs showed an increase in biotransformation of at least 30% 

compared to the reference reactor and the WWTP. In detail, the reactor cascade consisting of the 

anaerobic pre-treatment showed three times more MPs than the reactor cascade with the anaerobic post-

treatment. Al though the environmental conditions (nutrient availability and redox conditions) differed 

considerably between the reactors, molecular analysis of the microbial community revealed a core 

community of 143 genera, with 54% of the taxa belonging to the phylum Proteobacteria, with the beta 

subdivision as the most dominant class. On the other hand, a specialized community consisting of 90 

genera was identified that contributed most to the differences between the reactor communities. These 

genera were shown to reflect the prevailing nutrient, redox and operating conditions of each treatment. 

It was also found that the relative abundances of several genera of the specialized community correlated 

with the biotransformation of certain MPs as well as with process parameters (especially redox 

conditions). These genera may not necessarily be directly involved in the biotransformation of MPs, but 

could be promising biological indicators for the establishment and control of operating conditions 

favorable to the biotransformation of certain MPs. For the two reactor cascades analyzed, it was 

concluded that the redox conditions as well as the carbon supply were essential factors for the 

composition of the specialized community and the biotransformation of the MPs. In addition, the 16S 

rRNA gene amplicon sequencing proved to be a complementary tool to confirm process conditions by 

correlation. In conclusion, the efficiency of MP biotransformation in conventional WWTPs depends on 

key parameters such as redox conditions, biodiversity or the presence of several genera of specialized 

microbial communities identified as indicator organisms. 

Against the background of previous knowledge that biofilms from moving bed biofilm reactors 

(MBBRs), which have been used so far in a few WWTPs, are more efficient in biotransforming certain 

MPs, the second study used laboratory batch experiments to investigate the extent to which the 

biotransformation potential of carrier-attached biofilms and suspended sludge from hybrid MBBRs 

differ between three WWTPs, and whether these differences were also reflected in the composition of 

the bacterial communities. The 31 MPs investigated were grouped according to their biotransformation 

rates and examined for relationships between the biotransformation behavior and the known primary 

biotransformation reactions are discernible. In general, the study confirmed the potential of hybrid 

MBBRs for improved biotransformation of a variety of MPs. This could be attributed to an increased 

biotransformation potential of the carrier-attached biofilms, especially for oxidatively degradable 
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substances such as trimethoprim, diclofenac and mecoprop. Correlation analyses showed statistically 

significant relationships between the occurrence of certain bacterial genera (e.g. Acidibacter, Nitrospira 

or Rhizomicrobium) and the biotransformation rates of certain MPs. Thus, some of the identified genera 

were also discussed as suitable indicators for the biotransformation potential of suspended sludge or 

carrier-attached biofilm. 

In the third part of the work, the biotransformation of up to 78 MPs was investigated under different 

redox and substrate conditions in a defined column system at laboratory scale as well as ex situ under 

uniform incubation conditions by incubating the column filter material in batch experiments. MPs were 

categorized based on their biotransformation behavior and how well these categories matched primary 

transformation reactions known from the literature or predicted using the Eawag pathway prediction 

system for modelling microbial biotransformation pathways. The column system investigated consisted 

of two large columns filled with technical sand, an intermediate aeration and four smaller columns, all 

connected in series. In the first column, characterized by a carbon-rich environment with high biomass 

and strong oxygen depletion, 23 MPs were efficiently removed (>80% removal), while 19 substances 

were better or exclusively removed under carbon-limited oligotrophic conditions in the columns after 

re-aeration. While the MPs removed predominantly in the first column were mostly attributed to 

biotransformation by comparatively ubiquitous and fast transformation reactions such as the oxidation 

of alcohols or amide hydrolysis, the biotransformation of MPs removed more efficiently under the oxic 

and oligotrophic conditions in the rear columns was characterized by slower transformation reactions 

such as N-dealkylation of primary and secondary amines or the hydroxylation of aromatic rings. In 

addition, several specific reactions described in the literature, such as the cleavage of C-Cl and C-O 

bonds, could only be identified under oligotrophic conditions. The results suggest that conditions of 

limited carbon availability may favor the development of alternative metabolic biotransformation 

pathways. Furthermore, the observed association between system-specific MP removal and the expected 

primary biotransformation reactions from the literature and prediction systems could serve as a basis for 

accurately identifying the relevant enzymes in future studies, using metagenomic or metatranscriptomic 

data. 

Based on these considerations, molecular biological investigations were carried out in the fourth part of 

this work by generating sequence-based data complementary to the biotransformation rate constants 

during the batch experiments carried out in the third study. A first aim was to identify a statistical relation 

between the microbial composition, the process conditions and the nutrient availability as well as the 

biotransformation potential of 42 MPs depending on the biomass in the columns of the system. 

Furthermore, the metabolic activities of the microbial communities of the first two columns of the 

system were analyzed and the identified active enzymes were assigned to known metabolic pathways 

and the activities were compared. In addition, the extent to which the biotransformation potential of the 

columns was also reflected in the activity of enzymes that have been proven to belong to 
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biotransformation pathways of MPs was investigated. To this end, modern sequencing methods were 

used to generate data on the composition of the microbial community (16S rRNA gene sequencing) and 

its actual activity in the form of expressed genes (metatranscriptome sequencing). The biotransformation 

rates from the batch experiments of the third study were used by normalizing them with the gene copy 

numbers (kbio), which were representative of the biomass. For half of the MPs, the highest normalized 

kbio values were identified in the rear columns with increased carbon-limiting conditions. Furthermore, 

most of the MPs investigated, such as sulfathiazole, sulfamethoxazole or rufinamide, showed an 

improved biotransformation potential in these columns. The higher biotransformation potential under 

carbon-limiting conditions was also confirmed by metatranscriptomic analysis, where an increased 

metabolic capability and a higher functional activity to degrade MPs were observed in the carbon-

limiting column compared to the first nutrient-rich column. Taxonomic analysis revealed a decreasing 

trend in biodiversity with a simultaneous increase in carbon-limiting conditions. Furthermore, the 

microbial community differed depending on the nutrient and process conditions of the column materials 

analyzed. However, within the carbon-limiting columns, the microbial community was similar and were 

dominated by the genus Pseudomonas. By relating the biotransformation of MPs to the relative 

abundance of taxa in the carbon-limiting columns, the genera of the phylum Acidobacteria and the 

classes Alpha- and Gammaproteobacteria showed particularly high associations. In addition, four genera 

showed a statistically positive correlation with the two structurally similar MPs sulfamethoxazole and 

sulfathiazole. 

Overall, no general improvement in biotransformation could be found for all MPs under the conditions 

considered, with system- and condition-specific changes observed for individual compounds. However, 

the studies indicated favorable environmental conditions for groups of MPs that showed increased 

biotransformation linked with high abundant taxa, especially under carbon-limiting conditions and in 

carrier-attached biofilms. 
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Zusammenfassung  
Wasser ist die Grundlage allen Lebens, Biotop für eine Vielzahl von Organismen und ein wichtiger 

Bestandteil des natürlichen Gleichgewichts. Aus diesem Grund ist es unerlässlich, Wasser vor 

Verunreinigungen durch anthropogene organische Spurenstoffe zu schützen und verschiedene 

innovative Strategien für die Behandlung und Wiederverwendung von Abwasser zu entwickeln. 

Konventionell biologisch gereinigtes kommunales Abwasser enthält viele organische Spurenstoffe, die 

eine potenzielle Gefahr für aquatische Ökosysteme und Trinkwasserressourcen darstellen. Bisher lag 

der Schwerpunkt auf physikalisch-chemischen Verfahren wie Aktivkohlebehandlung oder Ozonierung, 

um die Entfernung von organischen Schadstoffen in Kläranlagen zu verbessern. Dabei ist das Wissen 

über biologische Entfernungsprozesse und Möglichkeiten zur Optimierung der biologischen Entfernung 

organischer Schadstoffe vergleichsweise gering. 

Insbesondere in ariden und semiariden Regionen ist gereinigtes Abwasser auch eine wichtige Ressource 

für die Wiederverwendung von Abwasser zur Bewässerung oder Trinkwasseraufbereitung. Vor dem 

Hintergrund zunehmender Dürreperioden aufgrund des Klimawandels wird die Wiederverwendung von 

gereinigtem Abwasser auch in Deutschland zunehmend diskutiert. Oft wird das Wasser nicht direkt, 

sondern nach gezielter Grundwasseranreicherung wiederverwendet. Dabei werden Konzepte benötigt, 

um die Entfernung von Spurenstoffen bei Bodenpassagen zu optimieren. Um das Potenzial als auch die 

Grenzen der biologischen Abwasserreinigung sowie der gezielten Grundwasseranreicherung zur 

Entfernung organischer Spurenstoffe abschätzen zu können, bedarf es insbesondere einer besseren 

Kenntnis der biologischen Abbauprozesse und der sie beeinflussenden Umweltbedingungen. Eine 

Schlüsselrolle nehmen dabei die mikrobiologischen Gemeinschaften und deren Enzympool ein. Der 

Einfluss der Umweltbedingungen auf die Zusammensetzung und die funktionellen Eigenschaften der 

mikrobiellen Gemeinschaften und die Frage, wie sich dies wiederum auf das Potential zum Abbau von 

organischen Spurenstoffen mit unterschiedlichen Strukturmerkmalen auswirkt, ist bisher allerdings nur 

sehr wenig untersucht. Darüber hinaus stammt das Wissen über schadstoffabbauende Bakterien häufig 

aus Studien mit Anreicherungs- oder sogar Reinkulturen, die nicht direkt auf die Umwelt übertragbar 

sind. 

Vor diesem Hintergrund befasst sich diese Dissertation im Kern mit systematischen Untersuchungen 

des Abbaus von organischen Spurenstoffen in Kontakt mit Belebtschlamm (Simulation von 

Abbauprozessen in biologischen Behandlungsstufen von Kläranlagen) und Filtermaterialien 

(Simulation von Vorgängen bei der Grundwasseranreicherung) unter definierten Laborbedingungen. 

Ziel ist es, Zusammenhänge zwischen der Zusammensetzung und den funktionellen Eigenschaften 

mikrobieller Gemeinschaften, den mikrobiologisch determinierten Abbauprozessen und deren 

optimalen Prozessbedingungen, sowie der chemischen Struktur und primären enzymatisch katalysierten 

Biotransformationsreaktionen von Spurenstoffen aufzuklären. 
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Der erste Teil der Arbeit fokussiert sich auf die Zusammensetzung der mikrobiellen Gemeinschaften 

und die Biotransformation von Spurenstoffen in Abhängigkeit von definierten Prozessparametern in 

fünf unterschiedlich betriebenen Abwasserreaktoren, welche auf zwei Reaktorkaskaden im 

Pilotmaßstab und eine großtechnische Kläranlage aufgeteilt wurden. Die erste Kaskade bestand aus drei 

Reaktoren, von denen der erste als Referenzreaktor mit konventioneller Belebtschlammbehandlung 

diente. Die anderen Reaktoren liefen unter anoxischen bis anaeroben bzw. streng anaeroben 

Bedingungen. Die zweite Kaskade bestand aus zwei Reaktoren, der erste unter anaeroben und der zweite 

unter aeroben Bedingungen, gefolgt von einem vereinfachten Behälter zur Vermeidung eines 

Nitrataustritts, da die Hälfte des Abwassers in den ersten anaeroben Reaktor zurückgeführt wurde. Alle 

fünf Reaktoren und die Kläranlage wurden auf die Biotransformation von 33 Spurenstoffen und die 

Zusammensetzung der mikrobiellen Gemeinschaft mittels LC-MS/MS bzw. 16S rRNA-

Gensequenzierung untersucht. Die Ergebnisse zeigten eine leichte, aber signifikante Verbesserung der 

Gesamtentfernung der Spurenstoffe in den Reaktorkaskaden (etwa 20 %) im Vergleich zur Kläranlage. 

Insbesondere die Biotransformation von Verbindungen, die in der herkömmlichen Abwasserbehandlung 

nicht oder nur geringfügig abbaubar sind (< 30 %), wie Diatrizoat, Venlafaxin und Diclofenac, wurde 

deutlich verbessert (etwa 70 %). Zwölf der 33 Spurenstoffe wiesen im Vergleich zum Referenzreaktor 

und zur Kläranlage eine Steigerung der Biotransformation um mindestens 30 % auf. Im Einzelnen wies 

die Reaktorkaskade mit der anaeroben Vorbehandlung dreimal mehr Spurenstoffe mit einem deutlich 

verbesserten Abbau auf als die Reaktorkaskade mit der anaeroben Nachbehandlung. Obwohl sich die 

Umweltbedingungen (Nährstoffverfügbarkeit und Redoxbedingungen) zwischen den Reaktoren 

erheblich unterschieden, ergab die molekulare Analyse der mikrobiellen Gemeinschaft eine 

Kerngemeinschaft von 143 Gattungen, wobei 54 % der Taxa dem Stamm der Proteobakterien 

angehörten und die Betaproteobacteria die dominierende Klasse darstellte. Im Gegensatz dazu wurde 

eine spezialisierte Gemeinschaft aus 90 Gattungen identifiziert, die am stärksten zu den Unterschieden 

zwischen den Reaktorgemeinschaften beitrug. Diese Gattungen spiegelten nachweislich die 

vorherrschenden Nährstoff-, Redox- und Betriebsbedingungen der jeweiligen Behandlung wider. Es 

wurde auch festgestellt, dass die relative Abundanz mehrerer Gattungen der spezialisierten 

Gemeinschaft mit der Biotransformation bestimmter Spurenstoffe sowie mit Prozessparametern 

(insbesondere Redoxbedingungen) korreliert. Diese Gattungen sind nicht unbedingt direkt an der 

Biotransformation von Spurenstoffen beteiligt, könnten aber vielversprechende biologische Indikatoren 

für die Festlegung und Kontrolle von Betriebsbedingungen sein, die für die Biotransformation 

bestimmter Spurenstoffe günstig sind. Für die beiden untersuchten Reaktorkaskaden wurde festgestellt, 

dass die Redoxbedingungen sowie die Kohlenstoffversorgung wesentliche Faktoren für die 

Zusammensetzung der spezialisierten Gemeinschaft und die Biotransformation der Spurenstoffe waren. 

Darüber hinaus erwies sich die 16S-rRNA-Gensequenzierung als ergänzende Methode zur Bestätigung 

von Prozessbedingungen durch Korrelation. Zusammenfassend lässt sich sagen, dass die Effizienz der 

Biotransformation von Spurenstoffen in konventionellen Kläranlagen von Schlüssel-parametern wie 
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Redoxbedingungen, Biodiversität sowie dem Vorhandensein mehrerer Gattungen spezialisierter 

mikrobieller Gemeinschaften abhängt, die als Indikatororganismen identifiziert wurden. 

Vor dem Hintergrund der bisherigen Kenntnisse, dass Biofilme von bisher in wenigen Kläranlagen 

eingesetzten Schwebebett-Biofilm-Verfahren (MBBR) bestimmte organische Spurenstoffe effizienter 

abbauen können, wurden in der zweiten Studie im Rahmen von Labor-Batchexperimenten untersucht, 

inwieweit sich das Biotransformationspotential der Biofilme und des suspendierten Schlamms von 

hybriden MBBRs aus drei Kläranlagen unterscheiden und sich diese Unterschiede auch in der 

Zusammensetzung der bakteriellen Gemeinschaften widerspiegeln. Darüber hinaus wurden die 31 

untersuchten organischen Spurenstoffe hinsichtlich ihres Abbauverhaltens gruppiert und untersucht, ob 

Zusammenhänge zwischen den bekannten primären Transformationsreaktionen und dem Abbau-

verhalten erkennbar sind. Im Allgemeinen bestätigte die Studie das Potenzial von hybriden MBBRs für 

eine verbesserte Biotransformation einer Vielzahl von Spurenstoffen. Dies konnte auf ein erhöhtes 

Biotransformationspotenzial der an den Träger gebundenen Biofilme zurückgeführt werden, 

insbesondere für oxidativ abbaubare Substanzen wie Trimethoprim, Diclofenac und Mecoprop. Wie in 

der ersten Studie zeigten Korrelationsanalysen statistisch signifikante Zusammenhänge zwischen dem 

Vorkommen bestimmter Bakteriengattungen (z.B. Acidibacter, Nitrospira oder Rhizomicrobium) und 

den Biotransformationsraten bestimmter Spurenstoffe. Einige der identifizierten Gattungen wurden 

daher auch als geeignete Indikatoren für das Biotransformationspotenzial von suspendiertem Schlamm 

oder trägergebundenem Biofilm diskutiert. 

Im dritten Teil der Arbeit wurde die Biotransformation von bis zu 78 Spurenstoffen unter verschiedenen 

Redox- und Substratbedingungen in einem definierten Säulensystem im Labormaßstab sowie ex situ 

unter einheitlichen Inkubationsbedingungen durch Inkubation des Säulenfiltermaterials in Batch-

experimenten untersucht. Die Spurenstoffe wurden anhand ihres Biotransformationsverhaltens danach 

gruppiert, wie gut diese Kategorien mit denen aus der Literatur bekannten oder mittels eines Systems 

zur Modellierung von mikrobiellen Abbauwegen (Eawag pathway prediction system) vorhergesagten 

primären Transformationsreaktionen übereinstimmen. Das untersuchte Säulensystem bestand aus zwei 

großen Säulen gefüllt mit technischem Sand, einer Zwischenbelüftung und vier kleineren Säulen, die 

alle in Reihe geschaltet waren. In der ersten Säule, die durch eine kohlenstoffreiche Umgebung mit 

hoher Biomasse und starker Sauerstoffzehrung charakterisiert war, wurden 23 Spurenstoffe effizient 

entfernt (> 80 % Entfernung), während 19 Substanzen unter kohlenstofflimitierten oligotrophen 

Bedingungen in den Säulen nach der Wiederbelüftung besser oder ausschließlich entfernt wurden. 

Während die in der ersten Säule überwiegend entfernten Spurenstoffe zumeist auf die Biotransformation 

durch vergleichsweise ubiquitäre und schnelle Umwandlungsreaktionen wie die Oxidation von 

Alkoholen oder die Amidhydrolyse zurückgeführt wurden, war die Biotransformation der unter den 

oxischen und oligotrophen Bedingungen in den hinteren Säulen effizienter entfernten Spurenstoffe 

durch langsamere Transformationsreaktionen wie die N-Dealkylierung primärer und sekundärer Amine 
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oder die Hydroxylierung aromatischer Ringe gekennzeichnet. Außerdem konnten mehrere in der 

Literatur beschriebene substratspezifische Reaktionen wie die Spaltung von C-Cl- und C-O-Bindungen 

nur unter oligotrophen Bedingungen identifiziert werden. Die Ergebnisse legen nahe, dass kohlenstoff-

limitierende Bedingungen die Etablierung alternativer metabolischer Abbauwege begünstigen können. 

Zudem können die Erkenntnisse der Zusammenhänge zwischen der systemspezifischen Spurenstoff-

entfernung und den erwarteten primären Transformationsreaktionen aus der Literatur und 

Vorhersagesystemen zukünftig als Basis für eine möglichst gezielte Identifizierung der relevanten 

Enzyme auf der Grundlage von metagenomischen oder metatranskriptomischen Daten dienen. 

Basierend auf diesen Überlegungen wurden im vierten Teil dieser Arbeit molekularbiologische 

Untersuchungen durchgeführt, bei denen komplementär zu den Abbaukonstanten sequenzbasierte Daten 

während der durchgeführten Batchexperimente der dritten Studie generiert wurden. Ein erstes Ziel war 

es einen statistischen Zusammenhang zwischen der mikrobiellen Zusammensetzung, den 

Prozessbedingungen und der Nährstoffverfügbarkeit als auch des Abbaupotentials in Abhängigkeit der 

Biomasse in den Säulen des Systems zu identifizieren. Des Weiteren wurden die metabolischen 

Aktivitäten der mikrobiellen Gemeinschaften der ersten beiden Säulen des Systems untersucht, die 

identifizierten aktiven Enzyme den bekannten Stoffwechselwegen zugeordnet, sowie die Aktivitäten 

verglichen. Zusätzlich wurde untersucht inwiefern sich das Abbaupotential der Säulen auch in der 

Aktivität von Enzymen widerspiegelt, die nachweislich zu Abbauwegen von Spurenstoffen gehören. 

Dazu wurden moderne Sequenziermethoden angewandt, bei denen Daten über die Zusammensetzung 

der mikrobiellen Gemeinschaft (16S rRNA Gensequenzierung) und deren tatsächliche Aktivität in Form 

von exprimierten Genen (Metatranskriptomsequenzierung) generiert wurden. Zusätzlich wurden die 

Abbauraten aus den Batchexperimenten der dritten Studie verwendet, indem diese mit den 

Genkopienzahlen als Indikator für die Biomasse normalisiert wurden. Für die Hälfte der Spurenstoffe 

wurden die höchsten normalisierten Abbauraten in den hinteren Säulen mit erhöhten kohlenstoff-

limitierenden Bedingungen ermittelt. Darüber hinaus zeigten die meisten der untersuchten Spurenstoffe, 

wie Sulfathiazol, Sulfamethoxazol oder Rufinamid, ein verbessertes Biotransformationspotenzial in 

diesen Säulen. Dieses erhöhte Potenzial unter kohlenstoff -limitierenden Bedingungen wurde auch durch 

eine metatranskriptomische Analyse bestätigt, bei der in der kohlenstoff-limitierenden Säule im 

Vergleich zur ersten nährstoffreichen Säule eine erhöhte Stoffwechselfähigkeit und eine höhere 

funktionelle Aktivität zum Abbau von Spurenstoffen festgestellt wurde. Die taxonomische Analyse 

ergab einen abnehmenden Trend der Biodiversität bei gleichzeitiger Zunahme der kohlenstoff-

limitierenden Bedingungen. Darüber hinaus unterschied sich die mikrobielle Gemeinschaft in 

Abhängigkeit von den Nährstoff- und Prozessbedingungen der untersuchten Säulenmaterialien. 

Innerhalb der kohlenstoff-limitierenden Säulen war die mikrobielle Gemeinschaft jedoch ähnlich und 

wurde von der Gattung Pseudomonas dominiert. Setzt man die Biotransformation von Spurenstoffen 

mit der relativen Abzundanz von Taxa in den kohlenstoff-limitierenden Säulen in Beziehung, zeigten 

die Gattungen des Stammes Acidobacteria und die Klassen Alpha- und Gammaproteobacteria besonders 
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hohe Assoziationen. Darüber hinaus wiesen vier Gattungen eine statistisch positive Korrelation mit den 

beiden strukturell ähnlichen Spurenstoffen Sulfamethoxazol und Sulfathiazol auf. 

Insgesamt konnte keine allgemeine Verbesserung der Biotransformation für alle Spurenstoffe unter den 

betrachteten Bedingungen festgestellt werden, wobei für einzelne Verbindungen system- und 

bedingungsspezifische Veränderungen beobachtet wurden. Die Studien wiesen jedoch auf günstige 

Umweltbedingungen für Gruppen von Spurenstoffen hin, die eine erhöhte Biotransformation verknüpft 

mit hochabundanten Taxa zeigten, insbesondere unter kohlenstoff-limitierenden Bedingungen und in an 

den Träger gebundenen Biofilmen. 
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Chapter 1: Theoretical background  

1.1 Biotransformation  of micropollutants in biological wastewater 

treatment systems  

1.1.1 Conventional and advanced wastewater treatment 

Water is the basis of all life, habitat of a variety of organisms, a finite resource as well as an important 

component of the natural cycle of matter. For this reason, it is essential to maximize the quality of water 

and develop different strategies to address wastewater treatment and subsequent reuse (OECD, 2021). 

However, with a better understanding of the impact of wastewater and in the course of chemical 

analytical improvements wastewater treatment plants (WWTPs) have been identified as the main source 

for novel anthropogenic compounds, so-called micropollutants (MPs). Many of these MPs originate 

from the pharmaceutical, personal care product or herbicide and could be detected in surface water, 

groundwater and drinking water (Kümmerer et al., 2019; Richardson & Ternes, 2014; Richardson & 

Ternes, 2021). This bears potential risks to environmental and human health, but has also a negative 

impact on the aquatic communities (Brust et al., 2001; Richardson & Kimura, 2019; Triebskorn et al., 

2004). In addition, ecotoxicological studies showed for a wide range of MPs short-term as well as long-

term toxic and endocrine-disrupting effects (Pruden et al., 2006; Rogowska et al., 2020). Based on these 

results the adoption of the Environmental Quality Standards (EQS) Directive in the context of the 

European Water Framework Directive (WFD) in 2013 already led to the inclusion of some MPs such as 

the biocides terbutryn and cybutryn (Directive 2013/39/EU) (Kern, 2014). Currently, the WFD is revised 

again and for the first time several pharmaceuticals and hormones, primarily emitted by WWTPs, are 

proposed to be included ("EU Commission. Proposal for a directive amending the water framework 

directive, the groundwater directive and the environmental quality standards directive. COM(2022) 540 

final.," 2022). It can be expected that for some of these compounds such as diclofenac and 

ethinylestradiol the proposed EQS are exceeded in European surface waters (CiŜlak et al., 2023; Johnson 

et al., 2013; Simon et al., 2022). Moreover, even though most MPs are still not regulated, they might 

most a risk to aquatic organisms. 

The terms wastewater and wastewater treatment were first mentioned in the second half of the 19th 

century (Brown & Lofrano, 2015). With increasing wastewater volume and pollution, the self-

purification capacity of the surface waters was quickly exceeded and required the construction of 

WWTPs. Until the 1950s, smaller WWTPs only had sedimentation basins for the clarification of the 

wastewater (Lofrano & Brown, 2010). In the course of microbiological findings mechanical-biological 

cleaning processes were developed with the implementation of primary and secondary water treatment 

to reduce high organic loads in form of biochemical oxygen demand (BOD). For todayôs required 

wastewater treatment also nitrogen by nitrification/denitrification as well as biological or chemical 

phosphor has to be removed up to prescribed limits (Lofrano & Brown, 2010). 



Chapter 1: Theoretical background 

- 2 - 

 

A conventional WWTP uses mechanical, chemical and biological cleaning processes to remove 

organic and anorganic contaminations (Tchobanoglus et al., 2003). Biological treatment by activated 

sludge consisting of suspended flocs of microorganisms is still one of the most common techniques. 

Organic compounds can be removed mainly by sorption to the sludge flocs and withdrawal of the excess 

sludge as well as microbially-catalyzed aerobic biotransformation processes. Oxygen is used for the 

aeration of tanks and serves the microorganisms as electron acceptor to metabolize the dissolved C- and 

N-load (Samer, 2015). In addition to oxygen supply and mixing, aeration also serves to discharge 

gaseous decomposition products (e.g. CO2) and reaction heat (Cheremisinoff, 2019). Another, but less 

common technic for the biological treatment is the use of trickling filters. These are filled with poured 

or structured inert substrate (e.g., porous lava rock or plastic carrier), which serves as mineral or organic 

surfaces for the growth of bacterial biofilms (Ahmed et al., 2017). By seeping of the treated wastewater 

through the trickling filter from above, the dissolved contaminants are partly degraded by the 

microorganisms in the biofilm. 

To significantly reduce the emission of wastewater-borne MPs, an upgrade of conventional WWTPs 

with advanced treatment techniques is needed (Eggen et al., 2014; Rout et al., 2021). Currently, the most 

promising treatment methods for MP removal which have been already implemented in full-scale 

WWTPs are treatments with activated carbon (granular activated carbon (GAC), powdered activated 

carbon (PAC), biological activated carbon (BAC)) or ozonation (Bourgin et al., 2018). Moreover, also 

advanced biological treatment methods in form of different membrane processes have been discussed 

to improve MP removal, even though currently activated carbon and ozonation outperform these 

techniques with regard to MP removal efficiencies (Eggen et al., 2014). However, health risks, 

especially when using ozonation, are still under debate due to the known formation of oxidative 

transformation products (TPs) and toxic by-products like bromate or NDMA (Joss et al., 2008; Oya et 

al., 2008). In addition, an upgrade of all WWTPs with physicochemical methods is impossible because 

of the large number of plants and often not meaningful in an ecological and sustainable sense. Therefore, 

the first WWTPs to be upgraded are those that are large and worth protecting. For the remaining medium 

and small WWTPs the implementation of advanced biological methods usually brings more advantages 

than disadvantages. In comparison to WWTPs using physicochemical methods, biological treatment 

systems are proving to be more sustainable because of the higher resource-efficiency, environment 

friendly because of lower carbon dioxide emissions, more space-saving, and highly suitable for 

developing countries in meeting the environmental standards (Kanaujiya et al., 2019). Furthermore, they 

have low energy consumption and so accordingly cost-effective, continuous separation and are easily 

upscalable (Bera et al., 2022). Therefore, also biological advanced treatment technologies have their 

right of existence as options for an improved MP biotransformation and are nowadays frequently used 

(Kermani et al., 2008; Melin et al., 2006). 
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One common example is the membrane bioreactor (MBR), which is a combination of an activated sludge 

process and solid-liquid separation by a membrane-like microfiltration or ultrafiltration. An MBR is a 

widely accepted alternative to CAS and already in use for municipal and industrial wastewater treatment. 

Because of some drawbacks of the MBR like the high later operation costs, the difficult daily operation 

management or an ineffective working volume, other techniques were developed (Madan et al., 2022). 

In the late 80s and early 90s, the moving bed biofilm reactor (MBBR) was designed in Norway 

(European Patent no. 0,575,314; US Patent no. 5,458,779) (di Biase et al., 2019). In MBBR systems the 

biomass consists of suspended sludge and biofilms growing on small plastic carrier elements that are 

kept in constant motion in a continuously mixed bioreactor. In aerobic processes, the agitation caused 

by aeration leads to movement of the biofilm carriers, while in anoxic and anaerobic processes the 

movement of biofilm carriers is carried out mechanically by the agitator. The carriers provide a surface 

area for the attachment of especially slow-growing bacteria, which enhances the development of a 

specific microbial community able to biotransform more MPs compared to CAS. From 400 large-scale 

wastewater treatment installations present in 22 different countries in 2006 an increase in the use of 

MBBRs as advanced treatment technique to more than 1200 large-scale wastewater treatment plants in 

at least 50 different countries worldwide in 2014 was observed (di Biase et al., 2019). This is also 

because of the advantages of MBBR technology over other biofilm-based technologies and CAS 

systems. By upgrading an existing WWTP the performance as well as the volumetric treatment 

capability would be improved with minimal additional costs. In addition, the biocarriers costs per unit 

volume have been decreasing over the last years. Another advantage is the biofilm itself, as the sludge 

does not need recirculation because the biomass is retained as a biofilm on the carriers. Moreover, the 

biofilm is resistant to variation in influent characteristics like shock loads, temperature or toxic 

compounds. Other advantages are less clogging of carrier media and a low head loss (di Biase et al., 

2019; Madan et al., 2022). 

Another advanced biological treatment method for wastewater treatment is the technique of anaerobic 

membrane bioreactors (AnMBRs), with upflow anaerobic sludge blanket (UASB) and expanded 

granular sludge bed reactor (EGSB) representing the most effective ones (Bera et al., 2022). The 

principle is based on filtration and separation of the sewage into effluent and sludge. The sludge is then 

treated anaerobically by mesophilic bacteria with methane as a byproduct, which can be used to generate 

heat or electricity. Advantages of this technology over the aerobic equivalent is resource recovery, while 

it leads to a higher treated water quality, greater flexibility and operational resilience than classical 

nonmembrane processes (Bera et al., 2022). As for 2020, several pilot-scale and demonstration plants 

were operated by using AnMBR, so the method is close to full-scale implementation (Vinardell et al., 

2020). However, some challenges still need to be addressed to make AnMBR technically and 

economically feasible, e. g. membrane fouling, process configuration and psychrophilic temperature or 

high sewage sulphate and low organics concentration (Vinardell et al., 2020). 
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To take advantage of biological and physicochemical advanced treatment techniques some researchers 

described the coupling of both treatment methods with membrane processes. Therefore, so-called hybrid 

membrane processes (HMPs) combine different membrane operations with other techniques such as ion 

exchange, adsorption, catalytic ozonation or photocatalysis. Molinari et al. (2020) reported different 

applications and types of coupled processes of HMP as well as main advantages. In addition, Gutiérrez 

et al. (2021) investigated the special case of powdered or GAC coupled with advanced biological 

treatment, mainly MBR, leading to an enhancement of MP removal by adsorption and 

biotransformation. 

According to their degradability MPs can be categorized into easily, moderately and poorly degradable. 

A compilation of 27 compounds and their degradability in different conventional and advanced 

(waste-)water treatments is shown in Table 1.1. For some compounds the classification into 

biotransformation groups is consistent independent of the treatment. The persistent MP carbamazepine 

for example is neither degradable in CAS nor in advanced biological treatments like MBR, MBBR, 

hybrid MBBR or AnMBR systems as shown in Table 1.1 (Luo et al., 2014; Luo et al., 2015; Zhang et 

al., 2021). In contrast, estradiol and bisphenol A are two compounds with high biotransformation rates 

above 80% in all conventional and advanced biological treatments (Luo et al., 2014; Luo et al., 2015). 

However, these are usually exceptions, because most MPs have shown to be removed in the different 

treatments to a varying extent. For example, the MPs ketoprofen, triclosan or estrone have a moderate 

biotransformation in CAS or AnMBR treatments, but are nearly completely removed in MBR, MBBR 

or hybrid MBBR systems (Kumar et al., 2022; Liu et al., 2020; Luo et al., 2014; Luo et al., 2015; Zhang 

et al., 2021). A positive effect of anaerobic conditions can be seen for trimethoprim, where in AnMBRs 

the removal is nearly 95% in contrast to CAS or biological treatments with a removal smaller than 50% 

(Luo et al., 2014; Xiao et al., 2017; Zhang et al., 2021)
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Table 1.1: Micropollutant removal [%] in different conventional and advanced (waste-)water treatments; WWTP: wastewater treatment plant, MBR: membrane bioreactor, MBBR: Moving bed 

biofilm reactor, AnMBR: Anaerobic membrane bioreactor, GAC: Granular activated carbon, PAC: Powdered activated carbon, O3: Ozonation, MAR: Managed aquifer recharge, SMART: 

Sequential managed aquifer recharge technology 

  WWTP MBR MBBR 
hybrid 

MBBR 
AnMBR  

AnMBR + 

GAC/PAC 
GAC/ PAC O3/ UV254 

MAR/ 

Bankfiltration  
SMART 

Atrazine < 20 a < 20 d   56.9 ± 19.6 f   69 - 100 a   
Benzophenone-3 80.1 ± 14.1 a 96 d   81 d      
Benzotriazole         < 20 g 83 ± 6 g 

Bezafibrate 41.2 ± 21.9 a       0 - 50 a   
Bisphenol A 82.0 ± 12.1 a 95 d 88 e 90 e 93.0 ± 2.4 f  50 - 100 b > 78 a   
Caffeine 88.7 ± 15.9 a    90.4 ± 3.6 f  96 a    
Carbamazepine 32.7 ± 17.9 a 5 - 24 a,d 23 e 26 e 27.1 - 32.3 f 92.4 ± 5.3 b 50 - 100 b > 90 a < 20 g < 20 g 

Clofibric acid 51.4 ± 30.5 a  > 60 a        
DEET 74.2 ± 6.1 a    < 20 f   50 - 80 a   
Diclofenac 35.8 ± 23.0 a 10 - 49 a,b,d >80 a 44 e < 20 f 82.6 ± 11.1 b 96 - 99 a > 90 a,b 85 h 92 h 

Estradiol 98.2 ± 3.2 a 94 e 97 e 98 e    > 83 a,b   
Estriol 100 a 100 a 98 e 99 e       
Estrone 82.0 ± 7.0 a 100 a 95 e 98 e   64 a > 96 a,b   
Gemfibrozil 73.3 ± 14.6 a 95 d 70 e 84 e < 20 f      
Ibuprofen 91.4 ± 8.1 a 98 d > 90 b 99 e 25.4 f   34 - 100 a   
Ketoprofen 51.7 ± 23.5 a 95 d 80 - 100 a,e 80.5 e 27 ± 21 f      
Metformin         87 ± 4 g 93 ± 5 g 

Metoprolol 37.6 ± 26.4 a 71 i      80 - 90 a 90 h 95 h 

Naproxen 75.5 ± 18.5 a 86 - 89 b 82 - 100 a,e 88 e 74 ± 14 f      
Nonylphenol 77.5 ± 26.0 a 94 e 96 e 95.7 e 94.2 ± 4.1 f      

Octylphenol 84.2 ± 14.2 a 70.2 b 66 e 86 e 86.8 f      
Primidone  30 d 80 e 87 e < 20 f    39 ± 35 g < 20 g 

Propranolol  67 i > 90 b    > 94 a    
Sulfamethoxazole 73.8 ± 12.7 b 60 - 97 a,b   67.8 ± 13.9 f 95.5 ± 4.6 b 2 - 62 a 98 a   
Triclosan 83.0 ± 11.5 a 90 b 90 e 94 e 31.4 - 82.3 f 93.2 ± 6.6 b  > 99 a   
Trimethoprim 46.8 ± 26.3 a 30 a   94.2 ± 5.5 f 95.0 ± 6.2 b  > 90 a   

Valsartan acid         92 ± 7 g 95 ± 4 g 

(a Luo et al., 2014; b Xiao et al., 2017; c Kumar et al., 2022; d Liu et al., 2020; e Luo et al., 2015; f Zhang et al., 2021; g Hellauer, Karakurt, et al., 2018; h Hellauer 

et al., 2017;  i Deng et al., 2020)(Deng et al., 2020; Hellauer, Karakurt, et al., 2018; Hellauer et al., 2017; Kumar et al., 2022; Liu et al., 2020; Luo et al., 2014; 

Luo et al., 2015; Xiao et al., 2017; Zhang et al., 2021) 
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1.1.2 Environmental parameters influencing micropollutant biotransformation  

The primary processes to remove MPs in biological wastewater treatment systems are sorption and 

biotransformation (Das et al., 2017). Sorption is mainly present for rather hydrophobic compounds and 

depends on the physicochemical properties of a MP as well as on the ambient conditions (Alvarino et 

al., 2018). Beside other sorption mechanisms like van-der-Waals forces or pore-filling, electrostatic and 

hydrophobic partitioning interactions are the main forms. To describe the hydrophobic interactions the 

sorption coefficient Kd can be calculated as the ratio of the equilibrium concentration of the compound 

on the solids/sludge to the corresponding equilibrium concentration in the liquid phase (Schwarzenbach 

et al., 2003). In contrast to hydrophobic compounds highly polar and soluble MPs tend to be removed 

mainly by biotransformation. 

For most compounds biotransformation kinetics in lab-scale batch experiments at environmental 

relevant concentrations of MPs could be well described by pseudo-first order kinetics according to 

Schwarzenbach et al. (2003) 

Ὧ ὢz Ὓz                  Eq. (1.1) 

with c as the total compound concentration (ɛg L-1), S as the soluble compound concentration (ɛg L-1), 

t the time (d), kbiol as the reaction rate constant (L g-1 d-1), and X as a measure for the biomass (g L-1). 

During biotransformation MPs can be transformed completely to water and carbon dioxide 

(mineralization) or incompletely to the corresponding TPs (Costa et al., 2019; Damian E Helbling et al., 

2010; Rogowska et al., 2020; Wick et al., 2011). These formed TPs are often characterized by higher 

polarity, lower sorption affinity and higher mobility in the water cycle compared to the parent 

compound. The chemical reactions of biotransformation and transformation is catalyzed by enzymes 

produced by microorganisms (mainly bacteria) living in microbial communities. 

To date, for most MPs the metabolism pathways have not been clarified. In the environment, 

concentrations of MPs are often orders of magnitude lower than the total content of natural organic 

matter. Therefore, it is widely assumed that biotransformation occurs mainly co-metabolically, i.e., by 

rather random metabolism by non-specific enzymes, and also that no adaptation to metabolic utilization 

of MPs occurs (Ternes & Joss, 2006). The thesis of co-metabolic biotransformation is supported, for 

example, by studies in which biotransformation of MPs in contact with sewage sludge (Falås et al., 

2016) and soil (Alidina, Li, & Drewes, 2014) that have not been previously exposed to these substances 

was observed to be comparable to biotransformation in systems that have been exposed to the MPs over 

a longer period of time. This is in accordance with Plósz et al. (2010), who attributes the improvement 

in the biotransformation of MPs by low levels of biological dissolved organic carbon (BDOC) to an 

reduced competitive inhibition of enzymes and thus to an increase in the concentration of free enzymes 

not bound to target substances. In contrast to that, there are several studies which observed metabolic 

biotransformation of MPs through adaption of the microbiocoenosis (Baumgarten et al., 2011; Börnick 
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et al., 2001; Richter et al., 2008). Egli (2010) hypothesized that microorganisms generate a higher 

enzyme diversity when several substrates with low concentration are available. The possibility, that 

microorganisms can growth even below limiting concentrations by the parallel use of different substrates 

supports the theory of a metabolic biotransformation under limiting conditions (Helbling et al., 2014). 

However, MP biotransformation proceeds metabolically or co-metabolically, the publications 

mentioned above show that the mechanisms of how MPs are degraded are, inter alia, a consequence of 

the adjusted process parameters. 

Therefore, many studies have shown the influence of various parameters on MP biotransformation like 

the plant configuration, operating parameters and the physicochemical characteristics of the compounds 

(Achermann, Falås, et al., 2018; Helbling, Johnson, et al., 2012; Hellauer et al., 2019; Petrie et al., 2014; 

Wang et al., 2020). The result of these studies also indicated that optimization of removal efficiencies 

is rather compound-specific. Many possible and partly contiguous influence factors like sludge retention 

time (SRT), hydraulic retention time (HRT), nitrification performance, BDOC availability or redox 

conditions were named in literature, but only partially confirmed empirically or even contradictory. 

In general, it is often assumed that the microbial biotransformation of MPs is favored by increasing the 

SRT or HRT. One explanation is the enrichment of certain microbial communities containing slow-

growing organisms leading to more diverse enzymatic activit ies and metabolic pathways for the 

biotransformation of complex molecules (Margot et al., 2015). Many authors confirmed the positive 

effect of SRT on the biotransformation of MPs. Achermann, Falås, et al. (2018) for example monitored 

biotransformation rate constants for 42 MPs along a gradient of SRT. They found a clear increase in 

biotransformation for oxidative biotransformation reactions with increasing SRT next to other authors 

(Douziech et al., 2018; Neyestani et al., 2017; Polesel et al., 2016). Additionally, also positive 

correlations of HRT with MP biotransformation could be found for CAS systems (Fernandez-Fontaina 

et al., 2014; Rúa-Gómez & Püttmann, 2012; Wang et al., 2020) as well as for MBRs (Kanaujiya et al., 

2019). The results of Johnson et al. (2015a) strengthen the hypothesis that higher taxonomic and 

functional diversity positively influence the biotransformation potential of activated sludge. However, 

interestingly no correlation was found with SRT, but with nitrogen and carbon availability. 

In biological wastewater treatment systems, the need for oxygen for many MP biotransformation 

processes is of particular concern, where redox stratification can occur within the biofilm due to oxygen 

depletion in the outer layer. It has been known for some years that redox conditions have a significant 

influence on MP biotransformation (Schmidt & Lange, 2006), as many authors demonstrated the 

dependency of primary biotransformation efficiency on oxygen availability for many MPs (Achermann, 

Falås, et al., 2018; Neilson & Allard, 2007; Torresi et al., 2019). Edefell et al. (2021) for example 

analyzed 21 MPs in a MBBR under different redox conditions and finds out that all compounds were 

better degraded under aerobic conditions. In addition, only five MPs were degraded also under anaerobic 

conditions. One of them is trimethoprim, which has been reported to be biologically transformed under 
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various redox conditions (Ghattas et al., 2017; Jewell, Castronovo, et al., 2016). Also during enhanced 

biological phosphorus removal aerobic redox conditions resulted in the highest MP removal (Torresi et 

al., 2019) compared to anaerobic conditions. Even though the majority of MPs benefit from aerobic 

redox conditions, there are some compounds that are better degraded under anaerobic conditions, such 

as sulfamethoxazole, diatrizoate, venlafaxine or carbamazepine (Ghattas et al., 2017). Therefore, these 

mostly aerobic persistent MPs can be degraded under anaerobe compound-specific reactions, like 

demethylation of venlafaxine or deiodination of diatrizoate (Falås et al., 2016). Further, for certain MPs 

a biological wastewater treatment system operating as a combination of aerobic and anaerobic redox 

conditions, results seemed to increase microbial diversity and enzyme spectrum, which enable both 

reductive as well as oxidative biotransformation pathways for an improved MP biotransformation 

(Alvarino et al., 2018; Falås et al., 2016). 

A further process for the removal of MPs under oxic conditions in WWTPs is the nitrification, where 

ammonium is biological oxidate to nitrite and nitrate mainly by ammonia-oxidizing-bacteria. Many 

studies showed a positive association of nitrifying activities with biotransformation rates for many MPs 

(Alvarino et al., 2014; Fernandez-Fontaina et al., 2016; Fischer & Majewsky, 2014; Su et al., 2021). 

Thereby, nitrifying activated sludge showed a different affinity for individual MPs, which is probably 

due to a preferential substrate selection between MPs resulting in discrepancies in removal efficiencies 

found in the literature (Fernandez-Fontaina et al., 2012). 

Additional to the named influencing factors, for MBR or MBBR systems also the carrier size, shape, 

biofilm thickness and carrier percentage filling affect the treatment performance. Therefore, some 

authors concluded that the surface area of the carriers is more dependent on system performance than 

on shape (Ødegaard et al., 2000; Vayenas, 2011). However, by comparing different carrier shapes 

analyses showed that for ammonia and chemical oxygen demand (COD) removal the AnoxKaldnes K3 

carriers resulted in the best findings (Ashkanani et al., 2019; Mazioti et al., 2021). Next to K3 also the 

K5 type is suitable and often preferred for new systems, although the original AnoxKaldnes K1 carrier 

is currently the most dominating carrier for various wastewater treatments (Madan et al., 2022). In the 

context of different carrier shapes the biofilm thickness was investigated regarding to MP 

biotransformation and nitrification (Torresi et al., 2016). The authors found the highest specific 

biotransformation rates for two thirds of the MPs as well as the highest biodiversity and evenness values 

in the thickest biofilm with 500 µm (Z-carriers, AnoxKaldnes). 
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1.2 Managed aquifer recharge systems and their contamination by 

micropollutants 

1.2.1 Managed aquifer recharge 

Despite the efforts to effectively remove chemical and microbial contaminants from WWTP effluents 

on-site by combining conventional techniques with advanced physicochemical or biological methods, 

the effluents of WWTPs still contain many MPs in a concentration range from ng/L to µg/L (Hellauer 

et al., 2017). However, especially in many arid and semi-arid regions of the world treated wastewater is 

also a valuable resource for irrigation purposes in agriculture and even for drinking water (Khalid et al., 

2018; Shahid et al., 2020). Considering the climate change with increasing periods of dry weather the 

reuse of treated wastewater is more and more also discussed in Germany (Maaß & Grundmann, 2018; 

Mainardis et al., 2022). The overexploitation of the aquifers and effects of climate change can lead to a 

local decrease in groundwater recharge (Biswas & Tortajada, 2018). One technique to recharge 

groundwater with subsequent use in a natural treatment is the managed aquifer recharge (MAR) system, 

where excess water from rainfall, WWTPs or rivers, for example, can be infiltrated into an aquifer to 

store and recharge groundwater (Imig et al., 2022). MAR offers numerous benefits, including storage to 

improve security of water supply or a low-cost, low-energy water supply option (Hellauer et al., 2017). 

A variety of methods can be used to recharge aquifers and the choice of method is influenced by the 

local hydrogeology (Dillon, 2005; Dillon et al., 2019). For example, open infiltration ponds or 

percolation tanks can be used to recharge unconfined aquifers, while injection well techniques such as 

aquifer storage and recovery (ASR) may be required to recharge deeper confined aquifers. In general, 

the methods can be divided into techniques referring primarily to getting water infiltrated or to 

intercepting the water. For all methods removal of MPs can occur by sorption and biotransformation in 

the soil passage (Zhang et al., 2020). In the case of surface applications like infiltration ponds, MPs can 

additionally be removed by photodegradation processes. 

One approach to improve MAR systems is the development of the sequential managed aquifer recharge 

technology (SMART) introduced by Regnery et al. (2016). It combines a short riverbank filtration 

passage followed by subsequent re-aeration and artificial recharge and recovery. Therefore, easily 

BDOC is quickly consumed in the first infiltration step, resulting in oxygen depletion and prevailing 

anoxic conditions (Hellauer et al., 2017). Further, after re-aeration, the carbon-depleted and oxic 

conditions can be maintained in the further course. The generated subsurface treatment zones showed 

an improved MP removal compared to conventional MAR systems (Regnery et al., 2016). In addition, 

SMART could be an upgrade option for conventional soil aquifer treatments or constructed wetlands. 

The technique of SMART is still under research. Hellauer et al. (2017) for example studied the removal 

of persistent MPs by testing different oxidants (i.e., air, pure oxygen, ozone) between both filtration 

steps. In addition, the performance of the SMART concept was tested under field conditions in 

comparison to a conventional MAR in Berlin, Germany (Hellauer, Karakurt, et al., 2018). To overcome 
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some drawbacks and limitations of the SMART technology, it was further improved developing 

SMARTplus (Karakurt-Fischer et al., 2020), which was designed to minimize the physical footprint, 

pumping costs and hydraulic retention times, among others.  

 

1.2.2 Micropollutant biotransformation in managed aquifer recharge systems 

The number of active MAR systems is more than 200, alone in Europe, producing large quantities of 

drinking water (Sprenger et al., 2017). Despite the high importance of MAR systems, the knowledge 

about the relationship of the predominant microbial community and the MP biotransformation 

performance is still scarce (Hübner et al., 2022; Regnery et al., 2017). A better understanding of the 

biotransformation mechanisms and how environmental conditions affect the composition and 

physiology of the predominant microbial community will help to improve biotransformation of MPs in 

MAR systems (Hübner et al., 2022). 

Main driving factors influencing MP biotransformation in MAR systems are to some extent similar to 

wastewater treatment systems (chapter 1.1.2), such as temperature or BDOC availability, where also 

biotransformation is the dominant removal mechanism next to adsorption and physicochemical filtration 

processes (Hellauer et al., 2017). In addition, there are other influencing factors specific for MAR 

systems like subsurface travel time, filter material or geochemical and hydrological conditions (Regnery 

et al., 2017; Regnery et al., 2016). Several studies identified redox conditions and/or the presence or 

absence of co-substrates and other nutrients as important influencing parameters (Hellauer, Karakurt, et 

al., 2018; Karakurt-Fischer et al., 2020; Regnery et al., 2016; Wiese et al., 2011). 

Examples for redox depending MP biotransformation reactions in contact with sediments and during a 

ground passage are phenazone and other phenazone-like compounds, which are efficiently transformed 

under oxic conditions, whereas they behave persistently under anoxic conditions (Massmann et al., 

2008; Munz et al., 2019; Richter et al., 2008). In addition, also for the MPs metoprolol, diclofenac, 

tolyltriazole and ibuprofen a faster primary biotransformation was shown (Burke et al., 2017; Burzio et 

al., 2022; Radke & Maier, 2014). The extensive persistence of metoprolol in the absence of oxygen has 

also been demonstrated in laboratory experiments with aquifer material under nitrate-reducing 

conditions (Barbieri et al., 2012), in bank filtration (Huntscha et al., 2013) and under different soil 

conditions (Kodeġov§ et al., 2016). In contrast, iodinated X-ray contrast media are transformed under 

both oxic and anoxic conditions. Under oxic conditions, the sieve chains are changed, while under 

anoxic conditions deiodination takes place (Redeker et al., 2014; Rühmland et al., 2015; Sengar & 

Vijayanandan, 2021). Also, the antibiotic sulfamethoxazole is transformed under oxic and anoxic 

conditions (Rühmland et al., 2015), where biotransformation rate constants differ by one to two orders 

of magnitude between batch, column, and field-scale experiments (Greskowiak et al., 2017). Especially 

for a full-scale MAR system the redox conditions are characterized by an upper layer of oxic and carbon-

rich conditions and a lower layer with anaerobic or anoxic and carbon-limited conditions. Many MPs 
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already showed an increased removal under these conditions. In addition, compounds like 4-

formylaminoantipyrine, acesulfame, benzotriazole, or gabapentin exhibited an even higher 

biotransformation by varying the redox and carbon availability with the use of a SMART compared to 

a conventional MAR system (Hellauer, Karakurt, et al., 2018; Karakurt-Fischer et al., 2020). For 

benzotriazole and acesulfame the removal could be increased from less than 10% in a conventional 

MAR systems to 83% and 93%, respectively, in the SMART system (Hellauer, Karakurt, et al., 2018). 

Despite the enhanced biotransformation in a SMART system, compounds persistent to 

biotransformation such as carbamazepine or candesartan were neither removed in MAR or SMART 

systems (Hellauer et al., 2017) (Table 1.1). 

Next to the already described influencing redox factor also the type and concentration of BDOC exert a 

high impact on microbial biotransformation processes in sediments and ground passages (Filter et al., 

2021; Fischer & Majewsky, 2014; Hellauer et al., 2019; Müller et al., 2019). Therefore, Filter et al. 

(2021) and Schaper et al. (2019) found positive correlations for several MPs between their removal and 

the reported dissolved organic carbon (DOC) concentration, which is maybe caused by increased 

organo-heterotrophic biomass and biological activity. In addition, for iopromide a positive association 

of removal in technical filter material and DOC concentration could be found in literature (Müller et al., 

2019). High concentrations of easy biodegradable substrate can result in more biomass, where the 

presence of poorly biodegradable or refractory DOC are known to increase the functional diversity of 

microorganisms (Alidina, Li, Ouf, et al., 2014; Dong Li et al., 2014; Li et al., 2013). In this context, 

some MPs such as diclofenac and gemfibrozil were transformed more efficiently at low proportion of 

easily degradable organic compounds (oligotrophic conditions) (Dong Li et al., 2014). A further study 

by Hellauer et al. (2019) analyzed the transformation of 12 MPs in two different concentrations of highly 

refractory carbon sources (drinking water and drinking water augmented with humic acid) in a 

laboratory-scale soil column experiment mimicking MAR. One result was that only diclofenac showed 

a significantly enhanced biotransformation by adding humic acid as primary growth substrate. An 

explanation delivered accompanying molecular biology studies, indicate that the enhanced 

biotransformation of MPs was due to an altered microbial community characterized by higher 

biodiversity and increased expression of enzymes involved in the biotransformation of MPs (Alidina, 

Li, & Drewes, 2014; Hellauer, Uhl, et al., 2018; Johnson, Lee, et al., 2015; Li et al., 2013). 

Also the filter material have had an impact on the biotransformation of MPs, where mainly the use of 

technical or natural material could be found in literature (Filter et al., 2021). Technical material 

contained cleaned and sieved sand or anthracite for commercial use, whereas natural material includes 

riverbed sediments, soils or sand from MAR sites. Filter et al. (2021) found significant different removal 

values for six out of 24 MPs by comparing natural and technical material origins. All six MPs resulted 

in a better removal in the natural material, where a possible reason for this could be the increased 

biodiversity from long-term exposure to environmental conditions (Al idina, Li, & Drewes, 2014). 
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1.3 General composition and characterization of the microbial 

community in WWTPs 

Biological wastewater treatment systems must be functionally stable to continuously and steadily 

remove contaminants and MPs, which relies upon the activity of complex microbial communities. Until 

today the characterization of microbial communities or their functionality is hampered by their immense 

diversity and the closely related metabolic complexity of the communities. In addition, also the 

knowledge about rare, but for the (co-)metabolic biotransformation of MPs important, community 

members is still lacking. Moreover, the composition of microbial communities in biological wastewater 

treatment systems like AnMBR or MBBR has not so much extensively studied as in activated sludge 

(Li et al., 2012; Sun et al., 2020; Torresi et al., 2018; Yang et al., 2011). 

The dominant organisms in a typical microbial composition of activated sludge are bacteria. Among 

these bacteria, the Gram-negative species in particular are the most common taxa, such as the classes 

Alpha- or Betaproteobacteria, followed by the Gram-positive groups like Acinetobacter or Acrobacter 

(Bitton, 2011). Next to bacteria also archaea and higher microorganisms such as protists (e.g., ciliates, 

amoebae or rotifers) or fungi typically occur in activated sludge, but in lower abundance (Seviour & 

Nielsen, 2010; Shchegolkova et al., 2016). 

Because of the immense diversity of the bacterial community and the high metabolic complexity in 

activated sludge it is difficult to find a connection between the composition of the microbial community, 

metabolic functions and the potential for MP biotransformation or even to identify specific bacterial 

species responsible for the biotransformation of certain MPs. One approach is to divide the microbial 

community into smaller groups (satellite, intermediate and core species) according their probable role 

and importance (Gibson et al., 1999; Grime, 1998). Researchers like Saunders et al. (2016) used this 

concept and refined the term of the core community to find frequently abundant and putatively important 

organisms in 13 Danish WWTPs. In a big campaign of the Global Water Microbiome Consortium, 

where systematically activated sludge microbial communities were collected and analyzed in 23 

countries on six continents, also the question was investigated whether a core microbiome exists (Wu et 

al., 2019). They found that, despite a high diversity, activated sludge has a small, global bacterial core 

community of 28 operational taxonomic units (corresponds to a relative abundance of 12.4%) with a 

strong link to activated sludge performance (Wu et al., 2019) in the sense of reducing high organic loads. 

The identification and characterization of the core community and putatively key players in activated 

sludge is a promising approach and should be further studied. However, it is generally assumed that in 

contrast to key functionalities of activated sludge treatment, i.e. DOC and nitrogen removal, the 

biotransformation of MPs is linked to specific treatment conditions and thus rather specific species of 

the microbial community (Falås et al., 2018; Falås et al., 2016). Therefore, it is also important to identify 
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significant, but not necessarily causal, associations between MP removal and non-core species to find 

indicator specifies for specific operational conditions which facilitate the transformation of certain MPs. 

In connection to the predominant composition of the microbial community also the biodiversity 

influences their functionality and further the biotransformation of MPs. Therefore, a link between 

functional and taxonomic biodiversity with MP biotransformation has been shown (Johnson, Helbling, 

Lee Tae, et al., 2015; Stadler et al., 2018) assuming that an enhancement of the biodiversity would 

improve the overall biotransformation rate (Burzio et al., 2022). Further, Johnson, Lee, et al. (2015) 

observed a positive association of the functional and taxonomic richness, but a negatively connection 

between taxonomic richness with nitrogen and carbon availability. The biodiversity of a microbial 

community is often described by different indices. In a broader sense, biodiversity provides information 

about the variety of characteristics within a biocoenosis, e.g. a microbial community. The most common 

and simplest index is species richness, which indicates the number of different species in the microbial 

community. Other biodiversity indices are the Simpson or the Shannon index. The Simpson index is 

considered more as a dominance index as it accounts proportion of species in a sample. The Shannon 

index is based on randomness present at a site and considers both species richness and equitability in 

distribution in a sample (Fedor & Zvaríková, 2019). However, both consider the species richness as well 

as the number of individuals per species (abundance) in its calculation and are often used indicators for 

the biodiversity. The greater the number, the fewer dominant species are represented in the microbial 

community. Typical reported values for wastewater communities are between 2.8 and 5.1 (Shannon 

index) respectively 0.87 and 0.99 (Simpson index) (Gonzalez-Martinez et al., 2016; Wang et al., 2016). 

 

1.4 Methods for taxonomic and functional profiling of microbial 

communities 

The conventional microbiological method for the analysis of microbial communities is the cultivation 

of organisms and their subsequent examination. However, only a small portion of the microorganisms 

contained in an environmental sample can be cultivated (Steen et al., 2019). Therefore, molecular 

techniques are applied for the investigation and characterization of microbial communities, which are 

based on the analysis of the communityôs genetic material in the form of DNA or RNA. Polymerase 

chain reaction (PCR), for example, is a powerful, easy and cheap method to amplify a single copy or a 

few copies of a segment of DNA sequence to generate thousands to millions of copies of a particular 

DNA sequence (Bharagava et al., 2019). An advancement is the qualitative real-time or qRT-PCR, 

which is used to detect how much of a specific DNA or gene is present in a sample in real time. Another 

often used conventional gene sequencing technology is the fluorescent in situ hybridization (FISH) and 

its further development microautoradiography combined with fluorescence in situ hybridization (MAR-

FISH) where bacterial taxa were specifically identified that take up a radiolabeled substrate. This enables 

the in situ phylogenetic identification and enumeration of individual microbial cells by whole-cell 
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hybridization with oligonucleotide probes (Rastogi & Sani, 2011). A further technique is the stable 

isotope probing (SIP), where active microbial populations were metabolic labeled using growth 

substrates enriched in heavy isotopes. Advantageous is the ability to characterize culture-independent 

complex microbial communities regarding their functions and diversity (Taubert, 2019). To date SIP 

has been combined with various molecular biology methods, including the analysis of DNA (Neufeld et 

al., 2007), RNA (Whiteley et al., 2007), or proteins (Jehmlich et al., 2010). Other examples of microbial 

community profiling methods are the amplified ribosomal DNA restriction analysis (ARDRA), the 

single strand conformational polymorphism (SSCP) or the denaturing gradient gel electrophoresis 

(DGGE) (Bharagava et al., 2019). The last two are based on the targeted amplification of a specific gene 

and its subsequent analysis by gel electrophoretic separation. Routinely, the rRNA gene (16S/18S 

rRNA) is usually used for this, because it is ubiquitously expressed in prokaryotes regardless of external 

influences or cell stages. In addition, it consists of nine hypervariable and ten conserved regions, most 

of which are corresponding in many prokaryotes (Coenye & Vandamme, 2003). The complete rRNA 

gene or a segment is first amplified by PCR and then separated by gel electrophoresis. The genetic 

fingerprint is then represented by individual bands due to the separation because of different sequences 

or lengths. Thereby, every single band corresponds to one species and the intensity of a band provides 

information about the diversity. With this information it is possible to analyze the phylogenetics, 

diversity and dynamic of microorganisms. To better understand the microbial community structure and 

its functions during MP biotransformation the named methods are often not sufficient because of many 

drawbacks like limited resolution, high effort for small informative output or poor reproducibility 

(Urrea-Valencia et al., 2021).  

With the development of the Sanger sequencing in 1975 researchers were able to determine the 

nucleotide sequence of a DNA molecule like the rRNA gene to get taxonomic information about the 

identity of the previously separated fragments. These knowledge helped to provide a deep insight in the 

ecology of microbially mediated processes such as dissemination of pathogens or MP biotransformation 

(Sanger et al., 1977). By the end of the Human Genome Project in 2001, first-generation Sanger 

sequencing do not longer meet the requirements to routinely perform genomic sequencing because of 

high costs, low throughput and enormous time expenditure (Lander et al., 2001). With an emphasis on 

performing routine genome sequencing, a new era of methods emerged, collectively known as next- 

generation sequencing (NGS) or second-generation sequencing. The major difference between Sanger 

sequencing and NGS is the sequencing volume and parallelization. While the Sanger method only 

sequences a single DNA fragment at a time, NGS sequencing millions of fragments simultaneously per 

run (Mardis, 2017). These technologies are represented by a number of different commercial NGS 

platforms, which differ in their details but typically follow a similar general paradigm: template 

preparation, clonal amplification, followed by cyclical rounds of massively parallel sequencing. The 

specific strategy employed by each platform determines the quality, quantity, and biases of the resulting 
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sequence data and the platformôs usefulness for particular applications (Reuter et al., 2015). Table 1.2 

provides an overview of the most commonly used platforms including their benefits and limits. 

 

Table 1.2: Overview of existing NGS Platforms and Instruments including a short description 

Platform/Instruments  Description 

Second-Generation (Short-Read) Sequencing 

Illumina/Solexa 

 

Four benchtops (iSeq, 

MiniSeq, MiSeq, NextSeq) 

and 

two production-scale 

platforms (HiSeq, 

NovaSeq) 

¶ Current market leader for short-read NGS 

¶ Sequencing by synthesis with optical base calling 

¶ Read lengths of 50 to 300 bp 

¶ Advantages: high accuracy, relatively low costs per base, high 

output (1.2-6,000 Gb) 

¶ Drawbacks: inability to resolve repetitive regions of the genome, 

difficulties to identify some types of genetic variants 

Ion Torrent/Thermo Fisher 

 

Different Ion Chips (510, 

520, 530, 540, 550) 

¶ The method pairs sequencing by synthesis with a massively parallel 

array of microwells, each with a dedicated sensor 

¶ Read lengths of 200 to 600 bp with an output up to 500 Gb 

¶ Advantages: low cost per base, absence of labeled nucleotides 

¶ Drawbacks: low throughput, challenges with resolving 

homopolymers 

Nanoball 

Sequencing/Beijing 

Genomics Institute (BGI) 

 

MGISEQ-200, MGISEQ-

2000, MGISEQ-T7, 

BGISEQ-500 

¶ The method achieves efficient imaging and low reagent 

consumption with combinatorial probe-anchor ligation chemistry 

¶ Read lengths of 50 to 300 bp 

¶ Results in similar data like from Illumina HiSeq2500 machine 

¶ Advantages: reduced costs compared to Illumina sequencing 

¶ Drawbacks: same as the Illumina platform 

Third -Generation (Long-Read and Real-Time) Sequencing 

Single-molecule real-time 

(SMRT)/Pacific 

Biosciences (PacBio) 

 

Sequel 

¶ Method uses synthesis and optical detection 

¶ Read lengths of 10 to 30 kb 

¶ Advantages: long-read length that allows for greater certainty in 

read overlap and assembly, can sequence DNA with unusual GC 

content 

¶ Drawbacks: high error rates (~11%) dominated by indels, low 

throughput, relatively high per base sequencing costs 

Oxford Nanopore 

Technology 

 

MinION, GridION X5, 

PromethION 

¶ Method uses a grid of membrane-embedded biological nanopores 

¶ Read lengths of hundreds to thousands of kb 

¶ Advantages: label-free sequence determination of native 

DNA/RNA molecules, no amplification needed, long read lengths 

¶ Drawbacks: high error rates dominated by insertion, deletion, and 

substitution 

(Bharagava et al., 2019; Jain et al., 2015; Kumar et al., 2019; Reuter et al., 2015) 

All these platforms can be used to analyze environmental microbial communities in different ways, 

depending on which information should be generated. So-called óomicô technologies were developed, 

which deal for example with the study of the whole genetic material present in a sample (metagenomics) 

or with the study of extraction and analysis of metagenomic mRNA (metatranscriptomics) (Horgan & 

Kenny, 2011). Today, especially the metagenome analysis is an often-used technique to get information 

about all genes or all members of the sample to characterize microbial communities with regard to 
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taxonomy, phylogeny and functionality. Thereby, metagenomic approaches can be applied in two ways: 

targeted metagenomics or shotgun metagenomics.  

For targeted metagenomics the entirety of the amplified gene segments of the rRNA gene (16S/18S 

rRNA), so-called amplicons, is completely sequenced using NGS. Based on the 16S amplicon 

sequences, information on identity and (conditionally) also on quantity can be determined. A drawback 

of the targeted metagenomic approach is the caused bias by using primers for the amplification of the 

target DNA as they bind to regions that are not completely conserved across all bacteria. In addition, the 

bacteria can mainly be identified up to genus level due to the high similarity of the 16S gene of some 

bacteria species and the limiting available databases (Gupta et al., 2019). 

This limitation is avoided by using shotgun metagenomics, where the total genomic content of an 

environmental sample is determined by NGS. The approach includes the extraction and fragmentation 

of the total DNA to prepare sequencing libraries which are further sequenced. In addition to the 

taxonomic results, shotgun metagenomics also provides information about functionalities like genes or 

enzymes and the metabolic potential of the environmental sample. But this requires a sufficient depth 

of sequencing and a good coverage of the entire genomic content of every organism in the community. 

This is not always the case, because shotgun metagenomics often only sparsely covers the genomic 

content of the low abundance members of the community (Bharagava et al., 2019). 

In the further procedure to generate usable results the next main step for all óomicô technologies after 

sequencing is the bioinformatical alignment of the sequence data with databases. Therefore, the two 

methods of the targeted and shotgun metagenomics are clearly different in the post processed sequence 

analysis. For the targeted metagenomics the sequenced DNA fragments, so-called reads, were, after 

several bioinformatic filter steps, compared with databases which exclusively contains sequences of 16S 

genes and their taxonomic origin. In contrast, for the shotgun metagenomics the partly overlapped reads 

were bioinformatical assembled to bigger sequences, named contigs, in order to reconstruct microbial 

genomes. In a next step, a gene prediction is performed in which bioinformatic software predict gene 

regions based on a list of typical sequence patterns (promoter regions, start or stop signals). The found 

gene regions can be translated into amino acid sequences to compare these with several databases 

resulting in a list of identified proteins and their functions, sequence identities and further information. 

Prominent databases are for example National Center for Biotechnology Information (NCBI), Universal 

Protein Knowledgebase (UniProtKB) or Kyoto Encyclopedia of Genes and Genomes (KEGG). 

Depending on the NGS method and research question, the bioinformatic analysis of óomicô technologies 

can be very complex and requires next to suitable databases high computing knowledge and power 

(Dhillon, 2019). 

Researchers at Aalborg University have made great progress in the processing of 16S rRNA data from 

activated sludge and anaerobic digesters in recent years. They developed the Microbial Database for 

Activated Sludge (MiDAS), a reference database of microbes from wastewater treatment plants across 
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the world (Dueholm et al., 2021). The database is a collection about the physiology and ecology of the 

important microorganisms present in engineered ecosystems of activated sludge plants, anaerobic 

digesters, and related wastewater treatment systems with information about in situ metabolism, 

morphotypes or abundance. 

 

1.5 Bacterial taxa and functional genes associated with micropollutant 

biotransformation 

1.5.1 Relevant bacterial taxa for micropollutant bio transformation 

While relatively much is known in literature about biotransformation of classical pollutants (e.g. PAH, 

BTEX, chlorinated hydrocarbons), especially in isolated pure or enriched cultures, to date the knowledge 

about microbial communities and enzymes involved in the biotransformation of MPs is still very sparse 

(Adrian et al., 2013; Ghosal et al., 2016; Lueders, 2017; Xiao et al., 2020). In addition, such experiments 

with pure cultures are often not a good model to represent such a complex biocenosis to biotransform 

MPs especially at low concentrations and have their limitations (Dumont & Murrell, 2005; Jiang et al., 

2018). However, to get an idea which microorganisms are known to degrade specific MPs based on pure 

or enriched culture studies online collections like the Eawag Biocatalysis/ Biodegradation Database 

(EAWAG-BBD) can be used (Gao et al., 2009). The database contains further information about 

individual reactions and metabolic pathways with details on starting and intermediate chemical 

compounds, enzymes and genes. To date the EAWAG-BBD contains 543 entries of microorganisms 

which are connected to 219 metabolic pathways or biotransformation reactions of MPs (Gao et al., 

2009). Access to its data is improved through contributions of its compounds to public chemical 

databases and is a good base for a further research in complex environments. 

A better understanding of relationships between the composition or functional properties of 

environmentally relevant microbial communities and their ability to biotransform MPs can open several 

possibilities: (i) the improvement of prediction of biotransformation rates and TPs, (ii) the evaluation of 

the biotransformation potential of biological treatment systems using biological indicators and (iii) a 

more targeted optimization of biological treatment systems by creating conditions favorable for the 

development of microbial communities and metabolic pathways responsible for an improved 

biotransformation of at least certain MPs (Achermann et al., 2020; Helbling, Johnson, et al., 2012; 

Rogowska et al., 2020). 

To overcome the limitations studying MP biotransformation in pure or enriched cultures, techniques 

like MAR-FISH or SIP were used, where bacterial taxa were identified that incorporate a particular 

isotope-labelled substrate like MPs (Falås et al., 2018; Jiang et al., 2018). The prerequisite here is that 

the substrate is used to build up biomass and is not co-metabolically degraded (Johnson, Helbling, Men, 

et al., 2015). Another strategy to connect the biotransformation of MPs with the prevalent microbial 



Chapter 1: Theoretical background 

- 18 - 

 

community was done by Johnson, Helbling, Lee Tae, et al. (2015), who found positive associations 

between biotransformation rates of specific MPs and different indices of taxonomic as well as functional 

biodiversity. A further strategy is the use of statistical mathematical models or multivariate correlations 

to identify microorganisms who are potentially involved in the biotransformation of specific MPs (Cao 

et al., 2021; Meyer et al., 2022). Helbling et al. (2015) for example identified phylogenetic groups which 

could predict the measured differences in the rate constants of four out of ten selected MPs. Furthermore, 

multivariate statistical correlations of biotransformation rate constants with the microbial communities 

of an MBBR during a feast-famine regime resulted in the identification of 88 taxonomic groups as 

potential biomarkers (Liang et al., 2021). 

Certain groups of bacteria and archaea play key roles for the performance and nutrient removal of 

wastewater treatments, such as heterotrophic organic-utilizing bacteria, ammonia-oxidizing bacteria 

(AOB), ammonia-oxidizing archaea (AOA), anammox bacteria, nitrite-oxidizing bacteria (NOB), 

denitrifiers, polyphosphate-accumulating organisms (PAOs). Furthermore, several studies showed that 

some of these prokaryotic groups are involved in the biotransformation of several MPs. For example, 

AOB and other ammonium-oxidizing microorganisms show, despite a small abundance of less than 1% 

of a total bacterial population in activated sludge (Yao & Peng, 2017), positive associations with the 

biotransformation of certain MPs (Kassotaki et al., 2018; Men et al., 2016; Roh et al., 2009; Xu et al., 

2016). This is in accordance with the assumption, that for many MPs the biotransformation is linked to 

specific treatment conditions and thus to rather specific species of the microbial community (Falås et 

al., 2018). In this context, the novel group of comammox bacteria was analyzed in the last years also 

with regard to MP biotransformation. The results show next to other physiological and functional 

benefits (Maddela et al., 2022) also a wide metabolic potential for an enhanced removal of certain MPs 

by metabolic (Cimbritz, Edefell, Thörnqvist, El-Taliawy, Ekenberg, Burzio, Modin, Persson, Wilén, & 

Bester, 2019; Han et al., 2019) and co-metabolic (Kassotaki et al., 2018; Ooi et al., 2018) routes. 

 

1.5.2 Relationship between functional genes, enzymes and micropollutant 

biotransformation  

In the past few years the importance of enzyme reactions in biotransformation of MPs has gained 

increased attention in research. Nevertheless, to date little is still known about the exact identity and 

specificity of the catalyzing enzymes involved in the biotransformation of MPs (Achermann et al., 

2020). A main reason is the high complexity of biocenosis in systems like WWTPs or MAR with a large 

number of pathways as well as included enzymes and the challenge to find a causal connection of MP 

biotransformation rates with the occurrence of certain enzymes involved in biotransformation. In this 

context, also the genetic level (DNA, RNA, protein) on which studies were carried out also poses a 

difficulty, where for example identified enzymes on DNA level do not contain any information about 

enzymes which are active or expressed. Other reasons for the low knowledge about enzymes involved 
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in MP biotransformation in complex matrices are missing information, e.g. whether the transformation 

is metabolic, co-metabolic, or both depending on their physicochemical properties and the 

environmental conditions (Mandariĺ, 2018; Tran et al., 2013). Most scientists assume that main 

biotransformation mechanism in real-world environmental conditions are co-metabolic (Fischer & 

Majewsky, 2014; Lema & Suarez, 2017). However, the lack of precise information about the location 

(intra- or extracellular), the metabolism (catabolic or anabolic) or the prevailing oxic conditions (aerobe 

or anaerobe) complicate the research for enzymes responsible for specific MP biotransformation 

(Achermann, Bianco, et al., 2018; Kennes-Veiga et al., 2022; Kolvenbach et al., 2014). Because of all 

these named reasons, a more detailed and differentiated characterization and identification of enzymes 

have so far been mostly limited to pure culture studies (Ricken et al., 2013; Walker et al., 2000). 

However, examples for studies which identified enzymes involved in the biotransformation of specific 

MPs in complex matrices like WWTP can be found in literature, e. g. for ibuprofen (Almeida et al., 

2013), bisphenol A (Zhou et al., 2015) or gemfibrozil (Kjeldal et al., 2016). The most investigations 

based on the enrichment and metaproteomic analysis of bacteria who are able to degrade the MP. A 

more advanced approach was done by Castronovo et al. (2023) for acesulfame. They enriched two 

bacterial taxa, extracted cell-free lysates and fractionated these via two-dimensional fast protein liquid 

chromatography (FPLC) to separate the enzymes catalyzing the further biotransformation reactions of 

acesulfame. In the following, they analyzed the FPLC fractions and the unfractionated lysate for 

metaproteomics using shotgun proteomics (Castronovo et al., 2023). 

The most broadly reported enzyme class in relation to MP transformation are oxidoreductases (EC 1.-) 

since oxidation reactions often represent the initial reaction step through the action of oxygenases, 

dehydrogenases, oxidases, reductases and peroxidases (Kennes-Veiga et al., 2022). Particularly relevant 

enzymes within this class are non-specific mono- and dioxygenases in which their involvement in the 

oxidation of several compounds were described (Achermann et al., 2020; Krah et al., 2016; Wu et al., 

2020). The monooxygenases comprise a very large and versatile group of enzymes, which can be 

differentiated into flavin-dependent and P450 cytochrome-dependent monooxygenases (Zane et al., 

2018). Further, they are significantly involved in the transformation of drugs in the human metabolism 

(Rioz-Martínez et al., 2011). For example, in the body, oxidation of the sulfide group and tertiary amine 

of ranitidine to sulfoxide and amine oxide, respectively, is thought to be catalyzed predominantly by 

flavin-dependent monooxygenases (EC 1.14.13.8) (Koukouritaki & Hines, 2005; Nguyen et al., 2019). 

In addition, Cytochrome P450 enzymes are shown to be more abundant under low BDOC and high 

humic acid substrate concentration in a simulated MAR system by simultaneously improved MP 

biotransformation (Dong Li et al., 2014). For both enzyme groups an involvement in MP transformation 

processes like the biotransformation of diclofenac (Chen et al., 2020; Xu et al., 2015), sulfamethoxazole 

(Qi et al., 2021; Ricken et al., 2013) or other compounds (Chen et al., 2014; Urlacher et al., 2004) was 

found. Further monooxygenases seemed to be associated with the oxidative transformation of MPs 
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include the demethylating vanillate monooxygenase (EC 1.14.13.82) (Dong Li et al., 2014) and the 

widely discussed ammonia monooxygenase (AMO; EC 1.1.4.99.39). The last named is mainly present 

in nitrifying microorganisms like AOB or AOA and supposed to be responsible for the primary 

biotransformation reaction of multiple MPs (Men et al., 2017; Su et al., 2021; Wang et al., 2019). 

Another important enzyme class involved in MP transformation are the hydrolases (EC 3.-) through the 

action of esterases (EC 3.1.-), glycosylases (EC 3.2.-), peptidases (EC 3.4.-) and amidases (EC 3.5.-) 

(Nguyen et al., 2021; Stadlmair et al., 2018). Esterases, for example, are described to participate in the 

hydrolysis of many MPs, such as in the cleavage of the lactone ring present in erythromycin, 

clarithromycin and azithromycin (Achermann, Falås, et al., 2018; Krah et al., 2016). Other sub-classes 

like amidases showed the transformation of primary and secondary amides, anilides as well as nitriles 

(Damian E. Helbling et al., 2010; David C Vuono et al., 2016). Less reported enzyme classes which may 

also involve in MP biotransformation are transferases (EC 2.-) and lyases (EC 4.-) (Achermann, Falås, 

et al., 2018; Krah et al., 2016; Nguyen et al., 2021). 

 

1.6 Objectives and research questions 

The understanding of microbial community composition and biotransformation of MPs depending on 

distinct process parameters are mostly unexplored. Against this background, the overall objective of this 

thesis was to use well-defined laboratory-scale batch experiments with biomass from biological 

wastewater treatment as well as column systems mimicking MAR for a systematic investigation of 

relationships between the extent of biotransformation of various wastewater-borne MPs, the 

characteristics of their chemical structure and initial biotransformation reactions, process conditions and 

microbial community composition. 

The motivation for this study is based on the very limited knowledge on the key parameters influencing 

the efficiency of MP transformation in biological treatment systems which impedes strategies for an 

improved removal of MPs in biological wastewater treatment as well as MAR. In its core, this thesis is 

grounded in four complementary research studies. 

The first study (chapter 2) seeks to understand the extent to which microbial diversity and rather 

process-specific bacterial taxa drive MP biotransformation. Therefore, this study compares the diversity 

and composition of microbial communities with the overall and individual MP biotransformation of 33 

compounds in five differently operated bench scale-sequence batch reactors (SBRs) and a full-scale 

WWTP. Further, the microbial community was divided into a core and a specialized community in order 

to correlate relative abundances of taxa from the latter with the removal of certain groups of MPs. In 

detail, the following questions were addressed: 
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i) To what extent does the microbial composition depend on the specific operation conditions? 

ii)  Is the core community comparable to those of other studies? 

iii)  Does the distribution of specific genera with the highest relative abundance variability reflect 

distinct process conditions? 

iv)  Are these genera positively associated with the biotransformation of certain MPs? Could some 

of these genera represent potential biological indicators of favorable biological wastewater 

treatment conditions for biotransformation of these MPs? 

The second study (chapter 3) focused on the capabilities of suspended and biofilm-associated 

microbial communities for MP biotransformation in hybrid moving bed bioreactors (hybrid MBBRs). It 

studies the prevailing microbial communities of both the carrier-attached biofilm and the suspended 

sludge, as well as their impact on the biotransformation potential for a broad range of MPs. Therefore, 

laboratory-scale batch experiments were conducted with separated suspended sludge and carrier-

attached biofilm from three different hybrid MBBR systems. Since the different biomasses were 

incubated for a limited time period under the same conditions, the microbial composition could be 

directly compared to the MP biotransformation potential independently of any specific process 

conditions. The following key questions were addressed: 

i)  What are distinct similarities or differences in MP biotransformation potential between the two 

matrices (carrier-attached versus suspended biomass) and three different hybrid MBBR 

systems? 

ii)  How variable are the microbial communities in the carrier-attached biofilm and the suspended 

sludge regarding biodiversity, composition and the characteristics of specialized and core 

organisms? 

iii)  Is there a statistical relationship between MP biotransformation and the microbial communities 

of the corresponding matrices? 

In addition to the insufficiently understood role of the microbial community, the limited knowledge on 

the relationships between specific functional compound characteristics, initial transformation reactions 

and the extent of MP transformation is another major obstacle for developing a better understanding and 

prediction of biotransformation processes. So far, studies already indicated a rather compound-specific 

behavior in biological treatment systems. However, previous studies were often limited to individual 

compounds and thus did not allow for a systematic investigation whether the different behavior can be 

explained by the prevalence of various initial enzymatic biotransformation reactions under alternating 

process conditions such as redox and substrate availability. 
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Thus, the third study (chapter 4) focused on the comparison of biotransformation efficiency for a very 

broad selection of MPs in a well-defined biofiltration system consisting of a cascade of six columns 

characterized by different redox and substrate conditions. In addition to the column experiments, also 

batch experiments were executed using the column material in order to directly compare the capacity of 

the biomass from the different locations of the column system for MP biotransformation under 

controlled fully oxic conditions and at similar initial MP concentrations. The following questions were 

addressed: 

i)  What effects do different redox and substrate conditions have on biotransformation of a broad 

selection of compounds? 

ii)  Can MP clusters be identified from both experiments that share similar behavior under different 

conditions? 

iii)  To what extent does the biotransformation of certain MPs benefit from specific environmental 

conditions and do these MPs share common characteristics regarding chemical structure and 

initial biotransformation reactions? 

As a follow up, the fourth  study (chapter 5) investigated whether differences in the biotransformation 

of MPs between the columns of the biofiltration system of the third study are also reflected by distinct 

differences in the microbial composition and genetic potential. For this, the microbial composition 

(taxonomy) and their active functional profile (metatranscriptome) were analyzed in the top layers of 

the columns and compared with the biomass-normalized biotransformation rate constants derived from 

the batch experiments. The chapter addressed the following questions: 

i) To what extent do the process and nutrient conditions in the columns influence the biodiversity 

and the taxonomic composition? 

ii)  Is there a statistical link between biomass-normalized biotransformation rate constants and the 

microbial composition? 

iii ) Are differences in MP biotransformation reflected in higher pathway activity for known 

pathways involved in xenobiotic biotransformation?
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Abstract 

The biological potential of conventional wastewater treatment plants to remove micropollutants mainly 

depends on process conditions and the predominant microbial community. To explore this dependence 

and to connect the occurrence of genera with operating conditions, five pilot-scale reactors with different 

process conditions were combined into two reactor cascades and fed with the effluent of the primary 

clarifier of a municipal WWTP. All reactors and the WWTP were analyzed for the removal of 33 

micropollutants by LC-MS/MS and the presence of the microbial community using 16S rRNA gene 

sequencing. The overall removal of the micropollutants was slightly improved (ca. 20%) by the reactor 

cascades in comparison to the WWTP while certain compounds such as diatrizoate, venlafaxine or 

diclofenac showed an enhanced removal (ca. 70% in one or both cascades). To explore the diverse 

bacteria in more detail, the general community was divided into a core and a specialized community. 

Despite their profoundly different operating parameters (especially redox conditions), the different 

treatments share a core community consisted of 143 genera (9% of the overall community). Furthermore, 

the alpha- and beta-biodiversity as well as the occurrence of several genera belonging to the specialized 

microbial community could be linked to the prevalent process conditions of the individual treatments. 

Members of the specialized community also correlated with the removal of certain groups of 

micropollutants. Hence, the comparison of the specialized community with micropollutant removal and 

operating conditions via correlation analysis is a valuable tool for an extended evaluation of prevalent 

process conditions. Based on an extended data set this approach could also be used to identify organisms 

as indicators for operating conditions which are beneficial for an improved removal of specific 

micropollutants. 

 
 

2.1 Introduction 

Wastewater treatment plants (WWTPs) are primarily designed to reduce high organic loads, as well as 

nitrogen and phosphorous from wastewater before its discharge into natural waters. Therefore, process 

design and compartmentalization of the WWTP are exploited to optimize the activity of microbial 

communities for the oxidation of carbon and ammonia, reduction of nitrate and, in some plants, the 

accumulation of phosphate. Nowadays, however, anthropogenic compounds such as pharmaceuticals 

and personal care products increasingly enter the water cycle. These compounds frequently occur at low 

concentrations (micropollutants, MPs), but bear potential risks to environmental and human health, even 

at the microgram per liter range (Garcia-Rodríguez et al., 2014). WWTPs are an important source for 

the entry of these organic MPs, since many of these compounds are quite resistant or can only be partially 

removed during the biological wastewater treatment (Falås et al., 2016; Oulton et al., 2010; T Ternes et 

al., 2004). 
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Since diverse microbial communities show a highly versatile metabolic potential, they bear the 

possibility to remove MPs via enzymatic degradation processes. In this vein, an improvement of MP 

removal based on the optimization of the biological wastewater treatment seems plausible. Indeed, many 

studies have shown the influence of various process parameters on MP degradation (Clara et al., 2005; 

Johnson, Lee, et al., 2015; Tran et al., 2014; Urase & Kikuta, 2005). The optimization of removal 

efficiencies, however, seems to be rather compound-specific (Johnson, Helbling, Lee Tae, et al., 2015; 

Krah et al., 2016) and thus staged systems, incorporating different redox conditions, have been proposed 

to lead to an improved overall MP removal (Falås et al., 2016; Völker et al., 2017). The targeted 

optimization of biological treatment processes requires a better understanding of the microbial 

community, including the taxonomic composition, metabolic functions and the dependence on distinct 

process parameters, as well as a better comprehension of the microbially mediated degradation of MPs. 

The characterization of microbial communities or their functionality is hampered by its immense 

diversity and the closely related metabolic complexity of the activated sludge communities. However, 

recent improvements in high throughput techniques, such as metagenomics (Martín et al., 2006), 

metatranscriptomics (Helbling, Ackermann, et al., 2012; David C. Vuono et al., 2016), 16S-rRNA 

amplicon based community profiling (Meerburg et al., 2016; Vanwonterghem et al., 2014) and 

metaproteomics (Collado et al., 2013; Hansen et al., 2014; Wilmes et al., 2008) as well as the constantly 

increasing sequence databases, facilitate the analysis of these complex systems. However, due to the 

immense diversity of microbial communities in matrices such as activated sludge, it has been suggested 

to preselect smaller groups of organisms based on defined categories (Saunders et al., 2016) to have a 

closer look on the connection between the community composition and metabolic functions. Grime 

(1998) and Gibson et al. (1999) suggested to divide the community into satellite, intermediate and core 

species according to the coresatellite species hypothesis (CSS hypothesis), to differentiate the probable 

role and importance of these organisms in the ecosystems. Recently, the concept of the core community 

was, inter alia, further refined and applied by Saunders et al. (2016) to find frequently abundant and 

putatively important organisms in 13 Danish WWTPs. The selection and characterization of core 

communities is a promising approach for the identification of putatively important activated sludge 

organisms which should be further studied and to get a better understanding about factors selecting for 

the different abundant species (Saunders et al., 2016). In contrast, it is generally assumed that for many 

MPs the degradation is linked to specific treatment conditions and thus rather specific species of the 

microbial community (Falås et al., 2018). The identification of significant associations between MP 

removal and noncore species could help to identify indicator specifies for specific treatment conditions 

which facilitate the removal of certain MPs. This is also true if these species are not directly involved in 

the MP degradation but their high relative abundance reflect beneficial conditions for degradation (non-

causal relationship).  
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However, to date, only a few studies tried to connect the degradation of MPs with the prevalent microbial 

community in WWTPs. Johnson, Helbling, Lee Tae, et al. (2015) analyzed biotransformation rates of 

ten MPs in ten different WWTPs and found positive associations between the rates of specific MPs and 

different indices of taxonomic as well as functional biodiversity. Another strategy was the application 

of statistical mathematical models to predict relationships between specific bacterial 16S rRNA 

sequence abundances and biotransformation rates (Helbling et al., 2015). The authors identified 

phylogenetic groups which could predict the measured differences in the rate constants of four out of 

ten selected MPs. 

In this context, the aim of this study was to link prevalent microbial communities with predominant 

process conditions and the MP removal potential of six profoundly differently operated treatments. In 

order to develop a deep understanding of these complex settings, the complexity of the microbial 

community was reduced by dividing it into a specialized and a core community based on defined filter 

criteria and statistical selection. The main research questions were i) to what extent the community 

composition depends on the specific process conditions of five profoundly different biological 

wastewater treatments (five bench scale sequence batch reactors (SBRs) and a WWTP), ii) whether a 

core community exists which is comparable with other studies, iii) whether the distribution of rather 

specific species with the highest variability in relative abundance reflect the distinct reactor conditions 

and iv) to what extent these species are positively associated with MP removal and thus could potentially 

indicate favorable process conditions with regard to MP removal. The applied method developed in this 

work can be used as a tool to systematically prioritize annotated 16S rRNA data and investigate their 

occurrence in relation to predominant process conditions and MP removal in future. 

 

2.2 Material and methods 

2.2.1 Examined treatment conditions and sampling of biomass 

A full scale wastewater treatment plant (WWTP) and a bench scale pilot plant were investigated during 

the course of this study. Both were described in detail by (Völker et al., 2016). Briefly, the WWTP 

located in Koblenz (Germany) is treating an inflow of 61,000 m3 per day with a load of 220,000 

population equivalents and a hydraulic retention time (HRT) of 12 h. The WWTP consists of a 

mechanical treatment (screening, grit removal and primary clarifier) followed by conventional activated 

sludge treatment with nitrification and denitrification (sludge retention time (SRT) of about 12 d) and a 

final clarification step. The pilot plant consisted of five sequential batch reactors (SBRs, 12 L volume) 

separated into two reactor cascades, each fed with the effluent of the primary clarifier of the WWTP 

Koblenz. Reactor cascade ɯ started with a conventional activated sludge treatment (R1; oxic and anoxic 

phases for nitrification or denitrification, respectively) serving as reference reactor, followed by a second 

reactor running under anoxic to anaerobic conditions (R2; equipped with acetate dosage for complete 

denitrification) and finally a third reactor (R3), which was running strictly anaerobic (no availability of 
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both oxygen and nitrate) (Figure 2.1, left). Cascade ɯɯ started with an anaerobic reactor (R4; with 

iron(III) dosage for iron-reducing conditions), followed by an aerated reactor (R5; oxic and anoxic 

phases) and a simplified vessel (V) with acetate addition for complete denitrification (Figure 2.1, right). 

The latter was installed to prevent nitrate output, since half of the effluent was recirculated to the 

anaerobic reactor R4. Biomass in form of sludge was sampled four times in triplicate, during a course 

of 5 weeks. Each sample (V = 10 mL) was centrifuged at 3500 g for 10 min, after which the supernatant 

was discarded. The remaining sludge pellets were stored at -20 °C for a maximum of three months until 

DNA extraction. 

 

 

Figure 2.1: Reactor setup of the two reactor cascades including sum parameters and additional information. 

 

2.2.2 DNA-extraction and purification  

The sludge pellet was resuspended in 2 mL/g HN-buffer (50 mmol L-1 HEPES, 50 mmol L-1 NaCl, pH 

7.4) and homogenized with a disperser (Ultra Turrax T8, IKA, Staufen, Germany) at ca. 20,000 min-1 

for 30 s. A volume of 0.5 mL was applied for DNA-extraction using the FastDNA SPIN Kit for soil 

(MP Biomedicals, Eschwege, Germany) according to the manufacturer's instructions. To remove 

contaminations and salt residues, an additional precipitation step was added: 1/10 volume of sodium 

acetate buffer (3 M, pH 5.2) and double volume of ice-cold 100% ethanol were added to the sample 

before incubation at -20 °C for one hour. After centrifugation at 30,800 g for 15 min at 4 °C, the 

supernatant was discarded and the pellet was washed with 200 µL of 70% ethanol and centrifuged at 

30,800 g for 5 min at 4 °C. The supernatant was discarded and the pellet air dried for 10 min before 

resuspension in 30 mL nuclease-free water. The individual DNA extracts were visualized using 1% 

agarose gel electrophoresis and the DNA concentrations and purities were determined by 

microspectrophotometry (Nanophotometer P330, Implen, München, Germany). 
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2.2.3 16S rRNA gene amplicon sequencing 

All samples were used for 16S rRNA gene amplification, sequencing and taxonomic analysis. 

Amplification of the V4 region of the 16S rRNA gene was performed using primers A519F (5ô- CAG 

CMG CCG CGG TAA ï 3ô) and 802R (5ô - TAC NVG GGT ATC TAA TCC ï 3ô) (Klindworth et al., 

2012). Polymerase chain reaction (PCR) was performed in 20 µL reactions each containing 

deoxynucleoside triphosphate at a concentration of 2.5 mM, 1 µL template DNA, 4 µL 1x PrimeSTAR 

TM buffer (Clontech Laboratories), 0.4 µL of each primer and 0.2 µL Hot Taq DNA polymerase 

(Peqlab). Cycling conditions in a Gene Amp PCR System 9700 (Applied Biosystems) consisted of a 

denaturing step of 3 min at 95 °C and 10 cycles at 98 °C for 10 s, followed by 44 °C for 10 s and 72 °C 

for 45 s. Negative controls did not contain template DNA. Amplicon library preparation was performed 

as described previously (Camarinha-Silva et al., 2014). In short, PCR products were amplified using 

primers including the above mentioned 16S rRNA gene sequences. Additionally, the forward primer 

was labelled with a 6-nt barcode linked by a 2-nt spacer and both primers comprised sequences 

compatible to the Illumina specific adaptors at the 5ô-ends (see Figure A.1). PCR conditions were as 

above but with 15 cycles. Resulting PCR products were reamplified under the same conditions but for 

20 cycles using forward primers integrating the specific multiplexing sequences and index-labelled 

reverse primers (see Figure A.1). Successful amplification was verified by defined bands of appropriate 

size in 1.5% agarose gels. PCR products were purified using the NucleoMag 96 PCR clean-up kit 

(Macherey-Nagel) according to the manufacturer's conditions and concentrations of eluted DNA were 

determined by the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). 100 ng of each sample were 

pooled for ethanol precipitation by 3 vol ethanol (100%) and 1/10 vol sodium acetate (3 M), incubation 

for 45 min at 4 °C and centrifugation at 16,000 g for 20 min. The resulting pellet was washed with 70% 

ice-cold ethanol at -20 °C over night and resuspended in 50 mL TE buffer after centrifugation at 16,000 g 

for 20 min and complete removal of the ethanol supernatant by discarding and evaporation at 37 °C for 

5 min. The quality was again determined by 1.5% agarose gel electrophoresis and bands were excised 

and cleaned up using the QIAquick Gel extraction kit (Quiagen) with elution in 160 µL EB buffer 

(50 °C). The final concentration of DNA was determined by nanospectrophotometry (NanoDrop ND-

1000, Peqlab) and 25 µL (equivalent of about 10 ng per sample) of the eluate were used for sequencing. 

Amplicon sequencing was performed by the Genome Analytics department of the HZI (Helmholtz 

Centre for Infection Research, Braunschweig, Germany) using an Illumina MiSeq in paired-end mode 

(2 x 250 bp). 

 

2.2.4 Data processing 

After sequencing the 16S rRNA gene amplicons, the data quality was checked using SolexaQA software 

(Cox et al., 2010). Next, the paired-end reads were binned with the PEAR software (Zhang et al., 2013) 

and demultiplexed. The software USEARCH based on the UCLUST algorithm (Edgar, 2010) was used 

to bin the merged reads with a sequence similarity of 97% to operational taxonomic units (OTUs). 
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Subsequently, the representative sequences of each OTU from the cluster output were classified by the 

Ribosomal Database Project (RDP) database (release 11, update 3) (Cole et al., 2014) with the standard 

confidence threshold of 80% using its CLASSIFIER tool (Wang et al., 2007). 

The following analyses were performed with the calculated relative abundances for each sample based 

on the classifier output at genus level. The principal component analysis (PCA) was performed by the 

R package factoextra (Kassambara & Mundt, 2017). The calculations of the alpha-diversity index 

(Shannon H) were performed with the software PAST (Hammer et al., 2001). 

To identify and sort the genera which provide the main contribution to the community differences 

between the different treatments, a similarity percentage analysis (SIMPER) was performedwith the 

software PAST (Hammer et al., 2001). All genera below a defined threshold (70%) of the cumulative 

contribution were declared as specialized genera (chapter 2.3.3). The remaining 30% served as input 

and filter criteria (I) for the identification of the core community (chapter 2.3.2) (visualization of the 

SIMPER output: Figure A.2). 

 

2.2.5 Micropollutant analysis 

To detect the removal of certain MPs, the influents and effluents of the two reactor cascades (reactor R3 

and R5D) and the full scale WWTP as well as the effluent of the reference reactor R1 were sampled 

over 9 weeks. In this period three one-week composite samples were taken from the WWTP and eight 

one-week composite samples from the reactor effluents. Samples were filtered (MN GF-5, 0.4 mm, 

Macherey-Nagel) and stored at -20 °C until chemical analysis. A spectrum of 33 MPs including 

pharmaceuticals, human metabolites and biocides were analyzed by liquid chromatography tandem 

mass spectrometry (LC-MS/MS) according to the method previously described by Falås et al. (2016). 

Percentage removal of each compound was calculated according to equation (2.1) by correcting the 

effluent concentration via the respective dilution factor (DF) and comparison to the influent 

concentration. Removal values less than the 25th percentile (Q1) minus 1.5 times the interquartile range 

(IQR) or higher than the 75th percentile (Q3) plus 1.5 times the IQR (Tukey fences) were considered as 

outliers and excluded from further calculations. To determine MPs with a significant removal in 

minimum one of the treatments in comparison to the others, a Kruskal-Wallis test with a p-adjustment 

correction (Bonferroni) was performed in R. To identify MP elimination which correlates significantly 

with genera from the specialized community a Pearson product-moment correlation and the p-value 

adjustment (Benjamini & Hochberg) were also calculated in R. The individual relative abundances of 

the specialized community and the removal values of MPs showing a significant removal in accordance 

to the performed Kruskal-Wallis test served as input data. 

 

ÒÅÍÏÖÁÌ Ϸ ρ
ᶻ

ρzππ              Eq. (2.1) 
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2.3 Results and discussion 

2.3.1 General description and characterization of the system communities 

On average, approximately 43,700 quality filtered reads were measured per sample, accumulating to 

1625 genus-level phylotypes in total for all analyzed treatments. Principal component analysis (PCA) 

was used to visualize the microbial communities of all samples with regard to the similarity between the 

different reactors as well as the change of community composition over time (Figure 2.2). The PCA 

plot illustrates that the time-separated replicates of each individual reactor cluster closely (represented 

by 95% confidence ellipses), indicating a good methodological reproducibility and additionally a stable 

microbial community composition throughout the sampling period of 35 days.  

Since the samples of all aerobic treatments are located in the upper half of the PCA, while all anaerobic 

treatments are in the lower half, a major factor contributing to the distribution along the y-axis 

(dimension 2, 25.7% of variation) might be the redox conditions. The strong influence of oxygen 

availability on the community composition is further confirmed by the respiratory abilities of the top 20 

genera contributing to the variation in community composition (Figure 2.2, blue arrows). Comparatively 

high relative abundances of aerobic or microaerophilic genera such as Curvibacter (Ding & Yokota, 

2004), Fulvimonas (Ahn et al., 2014) or Aquabacterium (Lin et al., 2009) are responsible for the location 

of R1 and WWTP on the PCA plot, while obligate anaerobic organisms like Desulfuromonas (An & 

Picardal, 2015), Smithella (Liu et al., 1999) or Desulfonatronobacter (Sorokin et al., 2012) strongly 

contribute to the location of the iron-amended anaerobic reactor R4. Another group of genera with 

mainly facultative anaerobic respiration, e.g. Ignavibacterium (Iino et al., 2010), Sulfuritalea (Kojima 

& Fukui, 2011) or Sulfurisoma (Kojima & Fukui, 2014) determines the position of the anoxic and 

anaerobic reactors (R2, R3) of reactor cascade ɯ. The distances of samples on the PCA plot indicate, that 

the community composition shift from the aerated (R1) to the unaerated (R2, R3) reactors of cascade ɯ 

is notably stronger than the shift between the anaerobic (R4) and aerobic (R5) reactors of cascade ɯɯ. 

One factor for this is likely the recirculation within reactor cascade ɯɯ, where after each cycle half of the 

effluent of the whole cascade was retransferred to the first reactor (R4). 

Furthermore, samples of the two reactor cascades are separated along the x-axis (dimension 1, 34.1% of 

variation), which indicates overall differences between the two reactor cascades at the taxonomic level. 

On the right side of the PCA, the overlap of the clusters from R1 and WWTP (except three samples with 

a different composition in comparison to the remaining samples), as well as the overlap of ellipses of 

R2 and R3 indicate that treatments with analogous process conditions developed largely similar 

microbial communities. It also confirmed R1 to be a suitable reference reactor representing conventional 

activated sludge treatment of full-scale WWTP. In contrast, the samples of the aerobic reactor R5 cluster 

on the left side of the PCA, indicating a differing microbial community composition featuring a high 

contribution of the genus Luteimonas. Reasons for that could be a lower DOC load (11 mg/L) and a 

higher HRT (2.7 d) in reactor R5 than in the other aerobic treatments (R1 and WWTP; 30 mg/L DOC; 
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12 h HRT). Furthermore, the position of the cluster from the unaerated reactor R4 on the left side of the 

PCA apart from the overlapping clusters of the two other anaerobic reactors (R2 and R3) on the right 

indicates a distinct community composition in R4 despite similar redox conditions. Reasons for the 

differing community composition could be i) the iron addition, ii) the high substrate load due to its 

position as anaerobic pre-treatment in contrast to the post-treatments R2 and R3, and iii) the multiple 

changes of the redox conditions caused by the recirculation. 

 

 

Figure 2.2: PCA biplot of the taxonomic composition of all tested treatments. Each point represents one of the 12 samples per 

treatment (triplicates at four different points in time) samples indicating the contribution of top 20 genera to community 

differences. Ellipses represent the 95% confidence intervals. 

 

Biodiversity is essential to enable and facilitate particular ecosystem functions and thus biodiversity 

indices are considered important variables to describe microbial communities (Hernandez Raquet et al., 

2013). In contrast to the species richness, the Shannon index H takes the number of species as well as 

their relative abundances into account and was calculated for every sample on the genus level. In total 

the results showed values between 3.7 and 5.4 (Figure 2.3), which are comparable to values commonly 

reported for wastewater microbial communities in literature (Gonzalez-Martinez et al., 2016; Wang et 

al., 2016). In comparison, the reactors of cascade ɯ displayed increasing values from the first (R1) to the 

last reactor (R3), where the anaerobic post-treatment reactor R3 showed the highest H-value of all 

treatments (5.4). Comparable differences in biodiversity were also observed when using species richness 

instead of Shannon index (Figure A.3). Johnson, Lee, et al. (2015) investigated ten activated sludge 
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communities and observed that the taxonomic richness of the aerobic communities was negatively 

associated with the nitrogen and carbon availability. Even though acetate was dosed to R2, the DOC in 

the influents of the three reactors of reactor cascade ɯ sequentially decreased from 35.4 mg/L in the 

influent of R1 to 21.5 mg/L (incl. acetate) in the influent of R2 and 8.4 mg/L in the influent of R3. It 

can be assumed, that especially the amount of bioavailable carbon was considerably reduced by the 

sequential treatment in this reactor cascade. Similarly, the sum of NH4
+-N and NO3

--N was reduced from 

40.9 mg/L in the influent of R1 to 11.4 mg/L in the influent of R2 and <2 mg/L in the influent of R3. 

Hence, our results support the findings of Johnson, Lee, et al. (2015) and indicate that biodiversity in 

anaerobic wastewater reactors might be to some extent also connected to carbon and nitrogen 

availability. In contrast, the diversity in R5 of reactor cascade ɯɯ was significantly lower compared to all 

other reactors, even though the very low DOC in the effluent of R5 (5.8 mg/L) indicated rather carbon 

limiting conditions in this reactor. This however could be explained by the very high relative abundance 

of the genus Luteimonas (average of 21.3%) in R5. Calculation of the Shannon indices without this 

genus (Figure A.4) was comparable (average: 4.3) and no longer significantly different (group c) to R4 

and R1. 

 

 

Figure 2.3: Boxplots of the Shannon indices as criterion of alpha-diversity in the different treatments. Red superscript letters 

represent significantly differing H-values (p < 0.05), based on ANOVA with Tukey post-hoc test. 
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2.3.2 Core-community 

In the present study, the concept of the core community was applied to investigate whether a core 

community can also be identified in profoundly differently operated treatments and whether identified 

core species were similar to those found by Saunders et al. (2016). 

For this investigation, genera fulfilling three hierarchically applied criteria were assigned to the core: (I) 

a stable occurrence with no high fluctuations between all treatments (genera which represented 30% 

contribution to the similarity based on the SIMPER analysis); (II) presence in all samples of all 

treatments; (III) a minimum of 0.05% relative abundance in at least one of the aerobic (R1, R5, WWTP) 

and one of the anaerobic (R2, R3, R4) treatments. By applying these criteria, 143 of 1625 genera were 

assigned to the core community (Figure 2.4) and consisted exclusively of bacteria. More than half of 

the core genera belonged to the phylum Proteobacteria (54%), where the ɓ-subdivision was the most 

dominant class, followed by ɔ-, ŭ- and Ŭ- Proteobacteria. Other dominant phyla of the core community 

were Bacteroidetes (12%), Firmicutes (8%) and Verrucomicrobia (5%). The composition of the 

identified core community, particularly on the taxonomic phylum and class level, was comparable with 

other investigated WWTPs (Zhang et al., 2012). The most abundant four phyla and their composition 

on order level were depicted in more detail in the bar charts of Figure 2.4. A comparison of these taxa 

to the 63 core organisms described by Saunders et al. (2016) on order level resulted in an overlap of 43 

groups (77%). A comparison on genus level would be more specific due to the higher level of metabolic 

differentiation in contrast to the taxonomic order or family level, respectively. However, a more detailed 

comparison with organisms from Saunders et al. (2016) was hampered, because in their study only 20 

out of the 63 core organisms were annotated on genus level. Five out of these 20 genera were also part 

of the core community defined in the current study. Wang et al. (2012) also defined a set of 60 genera 

as core organisms, but by using only one criterion (genera shared by all samples). These examples 

illustrate two main requirements for the meaningful comparison of results from such datasets: 

qualitatively good data with high sequence coverage to be able to annotate sequences on a low 

taxonomic level (depending on reference 16S rRNA database) and a consistent definition of the term 

ñcore communityò applying comparable filter criteria. The adherence to these requirements would 

provide the opportunity to identify a core microbial community across different treatments even from 

different studies. Prospectively, this knowledge could aid the management of basic ecosystem functions 

and help to tackle process disturbances, e.g. in activated sludge systems. 
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Figure 2.4: The pie chart depicts the composition of the identified core community on phylum or class level. Bar charts display 

the composition of the four most abundant phylotypes on order level with the four largest orders being labelled. 

 

2.3.3 Specialized community 

To identify those genera which predominantly contribute to the community differences between the 

reactors operated under distinct nutrient and redox conditions, the specialized community was defined 

based on the SIMPER analysis. Only 5.5% of the overall community of all samples, i.e. 90 (of 1625) 

genera with the highest variability in relative abundance were responsible for 70% of the dissimilarity 

between the communities in the different treatments (see Figure A.2). 

In general, the metabolic abilities of these 90 genera belonging to the specialized community (Figure 

2.5) reflected the operating conditions of the individual treatments. With regard to the relative abundance 

11 genera of the specialized community showed a strong similarity in the WWTP and reference reactor 

R1, such as Zoogloea, Dechloromonas, Curvibacter and Thauera. Most of these genera are denitrifying 

organisms which are typically found in conventional WWTPs (Hagman et al., 2008; Yang et al., 2011). 

This is in accordance with the fact that the highest nitrate turnover took place in the WWTP and the 

reference reactor R1 in comparison to the other treatments. However, R1 also contained some exclusive 

genera, such as Hydrogenophaga, Arenimonas or Fulvimonas. These three genera are strict aerobes, of 

which the last two genera belong to the order Xanthomonadales. Hydrogenophaga is a special micro-
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organism, belonging to the group of hydrogen-oxidizing bacteria (Willems et al., 1989) which includes 

species known for 4-aminobenzenesulfonate degradation (Contzen et al., 2000). 

In accordance with the prevalent redox conditions, the proportion of anaerobic or microaerophilic genera 

strongly differed between the aerated treatments R1, R5 and WWTP (ca. 10.5%) and the unaerated 

reactors R2, R3 and R4 (ca. 81%). A high similarity was observed between R2 and R3 with a comparable 

number of highly abundant genera, especially chemoautotrophic sulfur-oxidizing bacteria like 

Sulfuricurvum, Sulfuritalea, Sulfurimonas, Sulfurisoma, Arcobacter, Thiobacillus or Thiotrix. Species 

from the last four genera have also been attributed as mixotrophic organisms (Cattaneo et al., 2003; 

Pokorna & Zabranska, 2015; Roalkvam et al., 2015). Complementing the sulfur cycle, sulphate-reducing 

bacteria were present in reactors R2 and R3 (e.g. Desulfatirhabdium, Desulfatiglans or Desulfosarcina), 

but in lower relative abundance than the sulfuroxidizing organisms. This is in accordance with the 

detection of sulfide (3.7 mg/L) in reactors R2 and R3. The presence of sulfuroxidizing bacteria or the 

relatively abundant genera Geobacter, Ignavibacterium or Azospira indicated favorable growth 

conditions for autotrophic bacteria, which might be explained by the limited bioavailable carbon 

(Cuevas et al., 2011) and the anoxic respectively anaerobic conditions. Especially Geobacter species 

have been reported to play important roles in the microbial diversity of anaerobic environments with 

regard to their ability to use a wide range of electron acceptors as well as donors and to the anaerobic 

oxidation of aromatic compounds (Lovley et al., 2011). 

Similar to the anoxic/anaerobic reactors (R2 and R3), the anaerobic iron-reducing reactor R4 also 

contained highly abundant sulfur-oxidizing (e.g. Arcobacter) and sulfur-reducing bacteria (e.g. 

Desulfonatronobacter). However, the predominant genera were different and occurred in minor number 

of different taxa as in the other two anaerobic reactors. Since the ability to oxidize sulfur is pronounced 

in many bacterial genera, different mechanisms of sulfur-oxidation (Friedrich, 1997) have evolved. 

Beside the different availability of oxygen or oxidized forms of nitrogen other contributing factors like 

the molar N/S ratio or the used form of reduced sulfur can affect the final products of the sulfur-oxidation 

(Pokorna & Zabranska, 2015). The different process conditions, in particular with regard to the change 

of these factors in the anaerobic reactors of cascade ɯ (R2, R3) in comparison to cascade ɯɯ (R4) could 

be an explanation for the occurrence of different genera with the ability to perform the oxidation of 

sulfur. 

The most dominant genus in R4 was Desulfuromonas, which includes species that are able to reduce 

sulfur as well as Fe(III) (An & Picardal, 2015; Bilyy et al., 2011). This corresponds to the fact that FeCl3 

was added to this reactor during the sampling period. Furthermore, the relatively high relative abundance 

of the strictly anaerobic propionate-oxidizing genus Smithella (De Bok et al., 2001) in reactor R4 is in 

accordance with the presence of the genera Propionigenium, Paludibacter and Desulfobulbus, which 

have been reported to ferment organic compounds under anaerobic conditions thereby producing 

propionate, hydrogen and acetate (Holmes et al., 2004; Janssen & Liesack, 1995; Ueki et al., 2006). The 
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presence of genera assigned to fermenting bacteria and the small occurrence of autotrophic bacteria in 

the anaerobic reactor R4 of cascade ɯɯ, in contrast to their lower relative abundance in the anaerobic 

post-treatments R2 and R3 of reactor cascade ɯ could be explained by its position as a pre-treatment and 

therefor a much higher supply (load, availability) of easily degradable compounds, whereas these were 

most likely consumed in reactor R1 before the anaerobic treatments in cascade ɯ. 

Methanogenic prokaryotes were expected in the anaerobic reactors R2, R3 and R4, but could not be 

detected in either the core or in the specialized community. However, 15 methanogenic genera (Figure 

A.6) were found in the remaining data with the highest summed relative abundance found in the 

anaerobic reactors R3 (0.20%), R2 (0.015%) and R4 (0.014%) in comparison to the other treatments (in 

average 0.002%). Possible reasons for the low relative abundance of methanogenic archaea could be 

suboptimal growth conditions (low temperature) in combination with special requirements of these 

organisms (high substrate specificity, slow growth rate). Another plausible reason for the low relative 

abundance of methanogens could be the known competition with sulfate reducing organisms for 

available substances such as hydrogen or acetate (Oremland & Polcin, 1982) in combination with more 

favorable growth conditions for desulfuricating bacteria. 

The composition of the specialized community of R5 was considerably different with regard to the 

reference reactor R1 and the activated sludge unit of the WWTP, even though all three treatments were 

operated under comparable redox conditions using alternating aeration for nitrification and 

denitrification. The differences could be attributed to the iron-reducing pre-treatment in reactor R4, 

which leads to a considerably lower DOC in the influent of R5 (6 mg/L) compared to the influent of the 

reference reactor R1 (11 mg/L) and the full-scale activated sludge unit of the WWTP (11 mg/L). 

Especially certain denitrifying genera like Luteimonas, Novosphingobium or Diaphorobacter had 

considerably higher relative abundances in R5 compared to R1 and the activated sludge of the WWTP. 

In particular, the most abundant genus Luteimonas seemed to be an interesting organism, since one 

species was found to perform an uncommon denitrification reaction where nitrite, but not nitrate, is 

incompletely reduced to the end-product nitrous oxide (Finkmann et al., 2000). Moreover, the addition 

of iron and the anaerobic conditions in R4 led to a transfer of reduced sulfur species and Fe(II) to R5, 

which explains the relatively high relative abundances of sulfur oxidizers like Thiobacillus or 

Arcobacter and the iron oxidizing genus Gallionella (De Vet et al., 2011). 
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Figure 2.5: Bubble-Plot of the specialized community. The size of the bubbles represents the relative abundance of the 

respective genus. 
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2.3.4 Micropollutant removal and correlation with specialized community 

For all 33 analyzed MPs the removal difference between R1 and the full-scale WWTP was not 

significant (p > 0.05; Wilcoxon-Mann-Whitney test), which confirms the suitability of the operating 

conditions for R1 as a reference for the WWTP. Averaged over all measured compounds, a significant 

improvement (p < 0.05; Kruskal-Wallis test) of ca. 20% of the overall removal in both reactor cascades 

could be observed in comparison to the reference reactor R1 (Figure A.5) which was comparable to the 

values reported in Völker et al. (2017). To select significantly removed substances (p < 0.05; Figure 

2.6), the average removals of each compound in the WWTP, the reference reactor R1, the reactors from 

reactor cascade ɯ (R2, R3) and cascade ɯɯ (R4, R5) were compared to each other (Kruskal-Wallis test 

with Bonferroni correction). This led to a selection of 22 MPs. In order to identify genera which are 

rather specific for the different conditions and also positively associated with an improved degradation 

of certain compounds the removal of the selected 22 MPs in the different reactors was correlated 

(Pearson product-moment correlation followed by p-value adjustment) with the corresponding relative 

abundance of genera belonging to the specialized community. The results were visualized in a heat map 

(Figure 2.7). Relative instead of absolute abundances were used, because the method of 16S rRNA gene 

amplicon sequencing does not allow for an accurate measurement of absolute abundances. This is due 

to a weak dependency of the total number of sequences generated per sample and the amount of template 

DNA (Suzuki & Giovannoni, 1996). Even though relative abundances might not accurately reflect the 

observed dynamics of the actual taxon densities, it was the best available proxy to establish a connection 

between community structure and MP removal. From the 22 selected MPs 12 compounds showed an 

increased removal by at least 30% in either R2/R3 (3 substances) or R4/R5 (9 substances) compared to 

the reference reactor R1 and the WWTP. 

 

 

Figure 2.6: Average removal of micropollutants with significant removal in WWTP, R1, R2/R3 and R4/R5. Only compounds 

with average removals above 20% are presented. The error bars represents the confidence intervals. DH-DH-CBZ: 10,11-

dihydro-10,11-dihydroxycarbamazepine, DHH-CBZ: 10,11-dihydro-10-hydrocarbamazepine, SMX: Sulfamethoxazole, BZP-

4: Benzophenone-4. 



Chapter 2: Community composition and MP degradation in biological wastewater treatment systems 

- 39 - 

 

For example, diatrizoate, venlafaxine and tramadol were significantly removed in both reactor cascades, 

while no removal was observed in the WWTP and the reference reactor R1 (Figure 2.6). The removal 

of these compounds in both reactor cascades could be explained by the increased potential for reductive 

reactions provided by the anaerobic reactors R2, R3 and R4, such as deiodination in case of diatrizoate 

(Redeker et al., 2014) and anaerobic demethylation in case of venlafaxine and tramadol (Falås et al., 

2016). The suspected reductive transformations were confirmed by the analysis of the appropriate 

transformation products (data not shown). Due to their similar degradation behavior in both reactor 

cascades, these compounds also cluster in the heat map (cluster 1, Figure 2.7), although the removal of 

all three compounds was higher in reactor cascade ɯ than in reactor cascade ɯɯ. Consistent with the higher 

removal in the anaerobic reactors of cascade ɯ (R2, R3), diatrizoate, venlafaxine and tramadol showed 

a significant positive correlation with those microorganisms of the specialized community which are 

mainly anaerobic or microaerophilic and rather specific for these reactors, such as Desulfatirhabdium, 

Ignavibacterium and Desulfatiglans. However, to what extent these microorganisms are generally 

indicative of favorable conditions for the enhanced removal of the analyzed substances needs to be 

further assessed in follow-up studies. 

For other compounds, such as metoprolol, 10,11-dihydro-10-hydrocarbamazepine (DHH-CBZ), 10,11-

dihydro-10,11-dihydroxycarbamazepine (DH-DH-CBZ) and diclofenac, a considerably higher removal 

was identified in the reactor cascade ɯɯ (R4, R5) compared to the other treatments (Figure 2.6). 

Therefore, these compounds were grouped in another cluster (cluster 2, Figure 2.7), which correlated 

with the predominant taxa of reactor cascade ɯɯ. Since removal efficiencies of the individual reactors of 

cascade ɯɯ could not be determined, it was impossible to differentiate between the removal efficiencies 

of the anaerobic pre-treatment (R4) and the aerobic reactor R5. Due to the missing individual removal 

efficiencies of R4 and R5, the taxonomic data of both reactors also needed to be merged for the 

correlation analysis. However, literature suggests that metoprolol, DHH-CBZ, DH-DH-CBZ and 

diclofenac are primarily degraded under aerobic conditions (Jewell, Falås, et al., 2016; Kaiser et al., 

2014; Rubirola et al., 2014), which indicates that R5 was mainly responsible for the higher degradation 

potential of cascade ɯɯ towards these compounds. Hence, those genera of cluster II which are rather 

specific for the aerobic reactor R5 (e.g. Luteimonas, Roseibaca or Phenylobacterium), and thus might 

be potential indicators for favorable degradation conditions of the aerobically degradable compounds of 

cluster 2 (e.g. metoprolol, DHH-CBZ and diclofenac), were highlighted in Figure 2.7 for a better 

differentiation. The significant negative correlation with the anaerobic or microaerophilic 

microorganisms in the anaerobic reactors R2 and R3 further supported that most of the compounds of 

cluster 2 were mainly degraded under aerobic conditions. Exceptions were the antibiotics erythromycin 

and sulfamethoxazole which also have been reported to be degraded under anaerobic conditions (Falås 

et al., 2016; Narumiya et al., 2013). Indeed, both compounds were removed by activated sludge 

treatment in the WWTP and in the reference reactor R1 as well as to a relatively high extent in the 

anaerobic reactors of cascade ɯ (R2/R3), which suggests that their removal in cascade ɯɯ was not 
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restricted to the aerobic reactor R5. Considering the rather low DOC in the effluent of R5 due to the 

pretreatment by the iron-reducing reactor R4, carbon-limiting conditions might be one driving factor for 

the enhanced degradation of metoprolol, DHH-CBZ, DH-DH-CBZ and diclofenac in R5. 

Compounds of a third cluster 3 (acesulfame, iopromide, bezafibrate, iomeprol and terbutryn) are 

characterized by a comparable removal in the WWTP and the reference reactor R1 as well as only a 

slight but consistently higher removal in reactor cascade ɯɯ (Figure 2.7). As these compounds are known 

to be preferentially degraded under aerobic conditions (Castronovo et al., 2017; Luft et al., 2014; Radke 

& Maier, 2014; Rühmland et al., 2015), their removal in cascade ɯɯ could be attributed to degradation in 

the aerobic reactor R5. Moreover, these compounds were, if at all, removed only to a minor extent 

(<30%) in the reactors R2 and R3 of cascade ɯ, where anaerobic conditions were prevalent (Figure 2.6). 

Consistently, these compounds show a significant positive correlation with those genera (e.g. 

Gemmatimonas, Sphingorhabdus or Terrimonas) which had similar relative abundances in the 

references (WWTP and R1) and reactor R5 as well as significant negative correlations with the 

microaerophilic and anaerobic organisms prevalent in R2 and R3. The correlation analysis was used as 

an approach to select for those microorganisms which might be indicators of favorable environmental 

conditions for the degradation of certain MPs and should not be misinterpreted as an indication of any 

causal relationship. However, to confirm whether specific microorganisms can indeed serve as general 

predictors for certain operating conditions as well as the removal of certain MPs in different biological 

wastewater treatment systems, more studies providing data sets combining microbial community 

composition with the corresponding removal of a broad set of different MPs need to be evaluated. 

Moreover, the results could be further supported by quantitative measurements of absolute abundances 

by measuring 16S copies via qPCR or performing spike-in experiments as already described (Stämmler 

et al., 2016; Tourlousse et al., 2017). However, this was out of the scope of this study. 
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Figure 2.7: Visualization of the correlation of the removal of significantly degraded micropollutants with the relative abundance 

of the specialized community. DHH-CBZ: 10,11-dihydro-10-hydrocarbamazepine, DH-DH-CBZ: 10,11-dihydro-10,11-

dihydroxycarbamazepine, SMX: Sulfamethoxazole, BZP-4: Benzophenone-4. 

 

2.4 Conclusions 

¶ Profoundly differently operated reactors appear to share a core community (9% of all bacterial 

genera). 

¶ The elucidation of the general microbial community as well as the specialized microbial community 

compositions in the individual treatments demonstrated that large parts of the communities adapt to 

different operating conditions. This was corroborated by the occurrence of several genera linked to 

the adjusted process conditions. 
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¶ While the overall MP removal was only slightly improved by the investigated reactor cascades 

combining aerobic and strictly anaerobic treatments, the removal of individual compounds, such as 

diatrizoate, venlafaxine or diclofenac was significantly increased. 

¶ Relative abundances of members of the specialized community within each reactor significantly 

correlated with the removal of certain groups of MPs. This bears the potential to establish organisms 

as indicators for operating conditions which are beneficial for an improved removal of these 

compounds. 

¶ Redox conditions and carbon supply were important drivers for both the composition of the 

specialized community and the removal of MPs in the two examined reactor cascades. 

¶ The correlation of the (specialized) microbial community to MP removal and especially operating 

conditions presents 16S rRNA gene amplicon sequencing as a complementary tool for the 

confirmation of established process conditions. 
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Abstract 

The suspended sludge and carrier-attached biofilms of three different hybrid moving bed biofilm reactor 

(MBBR) systems were investigated with respect to their transformation potential for a broad range of 

micropollutants (MPs) as well as their microbial community composition. For this purpose, laboratory-

scale batch experiments were conducted with the separated suspended sludge and the carrier-attached 

biofilm of every system in triplicate. For all batches the removal of 31 MPs as well as the composition 

of the microbial community were analyzed. The carrier-attached biofilms from two hybrid MBBR 

systems showed a significant higher overall transformation potential in comparison to the respective 

suspended sludge. Especially for the MPs trimethoprim, diclofenac, mecoprop, climbazole and the 

human metabolite 10,11-dihydro-10-hydroxycarbamazepine consistently higher pseudo-first-order 

transformation rates could be observed in all three systems. The analysis of the taxonomic composition 

revealed taxa showing higher relative abundances in the carrier-attached biofilms (e. g. Nitrospirae and 

Chloroflexi) and in the suspended biomasses (e. g. Bacteroidetes and Betaproteobacteria). Correlations 

of the biodiversity indices and the MP biotransformation rates resulted in significant positive 

associations for 11 compounds in suspended sludge, but mostly negative associations for the carrier-

attached biofilms. The distinct differences in MP removal between suspended sludge and carrier-

attached biofilm of the three different MBBR systems were also reflected by a statistically significant 

link between the occurrence of specific bacterial taxa (Acidibacter, Nitrospira and Rhizomicrobium) and 

MP transformation rates of certain MPs. Even though the identified correlations might not necessarily 

be of causal nature, some of the identified taxa might serve as suitable indicators for the transformation 

potential of suspended sludge or carrier-attached biofilms. 

 

3.1 Introduction 

Municipal wastewater treatment plants (WWTPs) using conventional activated sludge (CAS) primarily 

have the purpose to exploit the activity of microbial communities for the oxidation of carbon and 

ammonia, reduction of nitrate and, in some plants, the accumulation of phosphate. However, the 

effluents of conventional WWTPs still contain numerous micropollutants (MPs) such as 

pharmaceuticals and personal care products (PPCPs) which are continuously released into the aquatic 

environment (Garcia-Rodríguez et al., 2014; Richardson & Ternes, 2014). Some of these compounds 

such as the non-steroidal anti-inflammatory agent diclofenac have been shown to cause adverse effects 

in aquatic organisms and thus pose a serious threat for the aquatic environment (Mehinto et al., 2010). 

This urges the need for engineering solutions to improve the removal of MPs in WWTPs (Grandclément 

et al., 2017; Luo et al., 2014; Petrie et al., 2014; Zupanc et al., 2013). Advanced physico-chemical 

treatment options, in particular ozonation and activated carbon treatment, turned out to be very effective 

options to considerably decrease the concentrations of a broad range of MPs and already have been 

installed in several municipal WWTPs (Eggen et al., 2014; Geering, 1999; Le Paulouë & Langlais, 
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1999). However, the use of ozonation is still under debate, since oxidative transformation products (TPs) 

and, depending on the composition of the wastewater, also known toxic by-products such as bromate 

and NDMA can be formed (Joss et al., 2008; Oya et al., 2008; Von Gunten & Hoigne, 1994). To reduce 

the risks accompanied by TPs and by-products, ozonation steps are usually operated with subsequent 

post-treatments such as sand filtration or activated carbon treatment (Bourgin et al., 2018; Couto et al., 

2019; Reungoat et al., 2012). Even though advanced treatment by ozonation or activated carbon 

treatment are more effective, biofilm-based treatment processes like the moving bed biofilm reactor 

(MBBR) technology might also be an option for an improved MP removal and have already been applied 

in various wastewater treatment configurations (Kermani et al., 2008; Ødegaard, 2006; Rusten et al., 

2006). In MBBR systems the biomass consists of suspended sludge and biofilms growing on small 

plastic carrier elements that are kept in constant motion in a continuously mixed bioreactor (Di Trapani 

et al., 2008). The carriers provide a surface area for attachment of slower growing bacteria (Phanwilai 

et al., 2020), which enhances the development of a specific microbial community (Di Trapani et al., 

2013) and increases the biotransformation of a number of MPs compared to CAS (Helness & Ødegaard, 

1999; Mazioti et al., 2017). A combination of the MBBR technology and CAS treatment is called 

Integrated Fixed-film Activated Sludge (IFAS) progress or hybrid MBBR and can be operated either in 

parallel or in series (Krzeminski et al., 2012; Mannina & Viviani, 2009). The ability to retrofit existing 

CAS configurations is a significant advantage of hybrid MBBR systems. Other advantages of the hybrid 

MBBR compared to the stand-alone MBBR is the presence of a significant suspended-growth biomass 

population (Johnson et al., 2007), a lower membrane surface requirement and a continuous operation at 

optimal conditions, which results in energy efficient operation (Al -Rekabi, 2015; Lariyah et al., 2016; 

Tee et al., 2016). 

Several studies investigated the potential of MP transformation in hybrid MBBR systems and presented 

for various compounds considerably higher removal rates with carrier-attached biofilm than with the 

suspended activated sludge with sludge retention times (SRT) of 3 to maximal 12 days (Casas et al., 

2015; Falås et al., 2013; Henning et al., 2019; Jewell, Falås, et al., 2016). Nevertheless, knowledge about 

the transformation potential of carrier-attached biofilms in comparison to suspended sludge and to which 

extent this potential is comparable between different hybrid MBBRs is still scarce. Moreover, so far 

only little is known about microbial community characteristics of carrier-attached biofilms even though 

it can be expected to be a main driver for an enhanced MP removal. Some authors investigated the 

microbial community composition but without considering MP removal (Biswas et al., 2014; Fu et al., 

2010; Zhou et al., 2018).  

Even though several authors explicitly stated the need for a more profound understanding of the role of 

the microbial community for MP transformation (Henning et al., 2019; Nguyen et al., 2021; Ribera-Pi 

et al., 2020; Shao et al., 2018), to our knowledge so far only three studies directly compared the MP 

transformation potential with the microbial composition or the diversity of the predominant microbial 
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community of carrier-attached biofilms. Torresi et al. (2016) for example, analyzed the impact of biofilm 

thickness on MP biotransformation, nitrification and biodiversity. They have shown that by using a 

thicker biofilm (500 ɛm) microbial biodiversity increased and the biotransformation kinetics of more 

than 60% of the targeted compounds were maximized. In a subsequent study, they investigated the 

biofilm structure and diversity in a three-stage MBBR system compared to a single-stage configuration 

and their relationship to microbial functions (Torresi et al., 2018). A first statistical evaluation of the 

relationship of different taxa from an MBBR carrier-attached biofilm with MP transformation was 

performed by Liang et al. (2021). They analyzed the relationship between the biofilm community and 

the MP removal in an MBBR during a feast-famine regime with the result that 88 taxonomic groups 

were identified as potential biomarkers for the transformation of certain MPs. However, while these 

three named studies investigated the carrier-attached biofilm, no study is known to us investigating the 

transformation potential for a broad range of MPs as well as the microbial community composition 

including the biodiversity of both the carrier-attached biofilm and the suspended sludge from different 

hybrid MBBRs. Using carrier-attached biofilms and the corresponding suspended sludge from different 

hybrid MBBRs gives the opportunity to directly compare the transformation potential and microbial 

composition of carrier-attached biofilms and suspended sludge taken from the same reactor without the 

influence of different wastewater compositions and treatment conditions. 

Therefore, the objectives of the present study were: (i) to compare the transformation potential of the 

carrier-attached biofilm and the suspended sludge of three hybrid MBBR systems in their removal of 31 

MPs under controlled laboratory conditions; (ii) to analyze the predominant microbial communities of 

the carrier-attached biofilm and the suspended sludge with regard to biodiversity, microbial composition 

and the identification of specialized and core organisms by 16S rRNA amplicon sequencing; (iii) to 

identify relationships between MP transformation and the microbial communities of the corresponding 

matrices.  

 

3.2 Material and methods 

3.2.1 Characteristics of WWTPs and sampling of biomass 

Carriers, suspended sludge and effluent for the lab experiments were collected from two full-scale 

hybrid MBBRs and one bench-scale sequencing batch reactor (SBR) system. 

One full-scale hybrid MBBR (MBBR 1) is part of a WWTP located in Bad Ragaz (Switzerland), which 

receives primarily domestic wastewater with a load of 25,500 population equivalents (PE) and an 

average influent volume of 3,200 m3/d. The biological activated sludge treatment with simultaneous P-

precipitation of this WWTP is divided into two equally sized lines, each separated into three 

compartments with an effective volumetric ratio of 1:5:3. The first two compartments consist of a 

denitrifying compartment and a following aerobic compartment (2 mg/L O2) without carriers (Falås et 

al., 2013). The third compartment with a higher aeration rate (3 mg/L O2) was operated as a hybrid 
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MBBR (MBBR 1) filled with activated sludge and carrier materials (AnoxKaldnes BiofilmChip M, 

Sweden) with a filling ratio of 35%. Both biomasses were used for biomass sampling. 

The second full-scale hybrid MBBR (MBBR 2) is part of a WWTP located in Klippan (Sweden), which 

treats municipal wastewater with a load of 13,000 PE. Similar to the WWTP in Bad Ragaz, the biological 

activated sludge treatment stage of the Klippan WWTP with simultaneous P-precipitation is also divided 

into two similarly dimensioned lines, each consisting of four compartments. The first two compartments 

of each line are operated as anoxic denitrification steps with added industrial potato residues as an 

additional carbon source, followed by an aerobic sludge compartment (2 mg/L O2). The final nitrifying 

compartment (3 mg/L O2) differs between the two lines: one line is operated solely with activated sludge, 

the other line with both sludge and carrier materials (AnoxKaldnes BiofilmChip M, Sweden) with a 

filling ratio of 40%. Biomass samples were taken from the compartment containing sludge and carriers. 

The investigated SBR system (MBBR 3) was located in Koblenz (Germany) and consisted of two fully 

automated SBRs with a volume of 12 liters each. Both reactors alternated between nitrifying (2/3 

hydraulic retention time (HRT)) and denitrifying (1/3 HRT) conditions in each cycle. The first reactor 

was operated as CAS treatment with 12 h HRT and 12 d SRT, and was fed with the effluent of the 

primary clarifier of the WWTP in Koblenz, Germany (220,000 PE; 60,000 m3/d). The effluent of this 

reactor was transferred into the second reactor, which was additionally equipped with carriers 

(AnoxKaldnes K1, Sweden, 35% filling ratio) and operated with 2.5 d HRT and 12 d SRT. Biomass for 

batch experiments was taken from the second reactor (MBBR 3). A detailed description of the individual 

reactor design can be found at Falås et al. (2016) and a schematic of the setup is presented in the 

supporting information (Figure B.1). As an overview, Table 3.1 summarizes the investigated systemsô 

characteristics. 
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Table 3.1: Biological treatment characteristics of the different investigated systems and the amount of relevant substances at 

the sampling time point 

 

MBBR 1  

(WWTP Bad Ragaz) 

MBBR 2  

(WWTP Klippan)  

MBBR 3 (Sequencing batch reactor 

Koblenz) 

Biological treatment with 

simultaneous P-

precipitation; MBBR 

located in the last of three 

compartments 

Biological treatment with 

simultaneous P-precipitation; 

MBBR located in the last of 

four compartments 

Sequencing batch reactor system; 

consisting of two reactors (1st and 2nd) 

with nitrification and denitrification 

HRTa (h) 12 12 1st: 12 / 2nd: 60 

SRTb (d) 3 5 1st: 12 / 2nd: 12 

TSSc (g/L) 1.3 3.5 1.9 

Carrier type 
AnoxKaldnes  

BiofilmChip M 

AnoxKaldnes  

BiofilmChip M 

1st: none  

2nd: AnoxKaldnes K1 

Filling ratio (%) 35 30-40 1st: none / 2nd: 35 

Surface area 

(m²/m³) 420 480 175 

 PEd 25500 13000 approx. 0.2 

Influent Ntot 

(mg/L) 40 40 70 

CODe (mg/L) influent 620 / effluent 20 influent 320 / effluent 25 influent 800 / - 

NH4
+-N (mg/L) influent 27 / effluent <2 influent 25 / effluent 6 influent 45 / effluent <2 

a Hydraulic retention time 
b Sludge retention time 
c Total suspended solids 
d Population equivalents 
e Chemical oxygen demand 

 

3.2.2 Batch experiments 

Lab-scale batch experiments were performed with the separated suspended sludge and the carrier-

attached biofilm of every system in triplicate in 200 mL Schott glass bottles. The amount of suspended 

sludge as well as the number of carriers added to the corresponding effluent was adjusted to a biomass 

of ~1 g/L, and the final volume of each batch was 100 mL. The batches were continuously shaken (100 

rpm) and purged with air to establish oxic conditions. The oxygen concentration was controlled 

intermittently throughout the experiment and was always >7 mg/L (data not shown). A compound 

mixture with 31 MPs (Table B.1) dissolved in deionized water was added to each batch to achieve a 

spiking concentration of 1 ɛg/L. Over 72 h samples for MP analysis were withdrawn from the batches 

at regular intervals resulting in 10 sampling points. The samples were immediately filtered (0.45 ɛm, 

regenerated cellulose) and stored at 4 ǓC until liquid chromatography tandem mass spectrometry (LC-

MS/MS) analysis. In addition, the basic parameters nitrate nitrogen (NO3- -N), dissolved organic carbon 

(DOC) and pH (7.7 ± 0.7) were controlled throughout the incubation period. At the end of the experiment 

the suspended biomass was centrifuged at 3,500 g for 10 min and the supernatant was discarded. The 

biomass was stored at -20 ǓC for a maximum of three months until DNA extraction. 
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3.2.3 DNA extraction and 16S rRNA gene amplicon sequencing 

To extract DNA from the carrier-attached biofilm, the frozen carriers were crushed and homogenized 

using a cryomill (Retsch, Germany) with 3 cycles, each 1 min at 30/s speed. For DNA extraction from 

suspended sludge, the thawed sludge pellet was resuspended in 2 mL/g HN-buffer (50 mmol/L HEPES, 

50 mmol/L NaCl, pH 7.4) and homogenized with a disperser (Ultra Turrax T8, IKA, Staufen, Germany) 

at ca. 20,000/min for 30 s. DNA was extracted from 0.5 mL of resuspended sludge pellet or 0.5 g crushed 

carriers using the FastDNA SPIN Kit for soil (MP Biomedicals, Eschwege, Germany) according to the 

manufacturerôs instructions. Concentration and purity of the individual DNA extracts were measured by 

microspectrophotometry (NanoPhotometer P330, Implen). The 16S rRNA gene amplification and 

library preparation was performed as previously described in Wolff et al. (2018) by using the primers 

A519F (5ô-CAG CMG CCG CGG TAA-3ô) and 802R (5ô-TAC NVG GGT ATC TAA TCC-3ô) 

(Klindworth et al., 2012). A volume of 25 ɛL of the purified and combined DNA library (equivalent of 

about 10 ng per sample) was used for sequencing. The 16S rRNA amplicon sequencing was performed 

by the department of physiology and biochemistry of nutrition of the Max Rubner-Institut (MRI, 

Karlsruhe, Germany) using an Illumina MiSeq in paired-end mode (2 × 250 bp). 

 

3.2.4 Data processing 

After a quality check with SolexaQA software (Cox et al., 2010) paired-end reads were binned with 

PEAR software (Zhang et al., 2013) and demultiplexed. In the following the sequences were processed 

on the Mothur platform (Schloss et al., 2009) according to the MiSeq SOP (Kozich et al., 2013). In 

short, sequences were filtered by removing sequences with ambiguous base calls and homopolymers 

longer than 8 nt, and then aligned with the Silva database v128 (Quast et al., 2012). Subsequently, the 

VSEARCH algorithm (Rognes et al., 2016) was used for checking and removing chimeric sequences. 

The resulting sequences were pre-clustered allowing three mismatches, classified using Silva v128 

taxonomy and finally merged to operational taxonomic units (OTUs) with a sequence similarity of 97%. 

The calculations of the biodiversity indices were performed by the PAST software (Hammer et al., 2001) 

using the relative abundances on OTU level. Similar to Wolff et al. (2018), a similarity percentage 

analysis (SIMPER) on genus level was used to define a specialized community (<70% of the cumulative 

contribution). To declare genera as core organisms two further filter criteria were applied on the 

remaining genera (>70% of the cumulative contribution) of the SIMPER analysis: present in all three 

sludge or carrier-attached systems and a minimum relative abundance of 0.05%. 

 

3.2.5 Micropollutant analysis 

The 31 spiked MPs were analyzed by LC-MS/MS using an Agilent 1260-LC coupled to a SCIEX QTrap 

5500-MS according to the method previously described by Falås et al. (2016). The samples were 

measured with direct injection without further pretreatment. Biological transformation rate constants 

(kbiol) were estimated assuming first-order kinetics and negligible sorption according to Eq. (3.1), 
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whereby S is the MP concentration (ɛg/L), XBiomass the biomass concentration (g/L), and kbiol is the 

pseudo-first-order rate constant in L/(g*d). 

 

Ὧ ὢz Ὓz                 Eq. (3.1) 

 

Biomass concentrations, XBiomass, were measured as suspended solids for the sludge and as biofilm solids 

for the carriers. The suspended solids concentration was calculated according to European Standard (EN 

872) by the difference in weight of filtered samples, using GF 6 glass fiber filter (1.6 ɛm, VWR), before 

and after heating at 105 °C for Ó12 h. Biofilm solids were estimated from the weight difference of three 

dried carriers (105 °C for Ó12 h) in three replicates before and after removal of the biofilm. Biofilm of 

the colonized carriers was removed by ultrasonication in HCl (3 M), followed by thorough brushing 

with soapy and deionized water (modified from Falås et al. (2012)). The residual percentage of each MP 

was calculated according to Eq. (3.2) by comparing the start (ct=0h) and end (ct=72h) concentration of 

the respective substance. 

 

ὙὩίὭὨόὥὰ Ϸ ρzππ              Eq. (3.2) 

 

3.3 Results and discussion 

3.3.1 Micropollutant transformation and kinetics  

Lab-scale batch experiments with either suspended sludge or carriers collected from the three MBBR 

systems 1-3 were carried out in triplicate to investigate the transformation of 31 MPs (Table B.1). MP 

concentration in the corresponding biomass samples was acquired over 72 h via LC-MS/MS and residual 

percentages were calculated according to Eq. (3.2) (Table B.2). The selected target compounds feature 

a relatively high polarity and for several of them sludge-wastewater distribution coefficients have been 

reported to be considerably below 500 L/kg (Thomas A. Ternes et al., 2004). Hence, even though not 

for all compounds an influence of sorption to the suspended solids or the carrier-attached biofilms can 

be completely excluded, the observed removal could mainly be attributed to transformation processes.  

To elucidate specific differences in MP transformation efficiency between the six different biomasses 

from the three systems, biomass-normalized kbiol of all MPs were calculated (Table B.3). The median of 

the kbiol of the 31 MPs was between 0.12 (MBBR 2) and 0.16 L/(g*d) (MBBR 3) for the suspended 

sludge and between 0.14 and 0.43 L/(g*d) for the carrier-attached biofilms (Figure 3.1). Applying a 

Kruskal-Wallis test, significant differences (Chi2 = 20.44, p < 0.01) on kbiol values were found among 

the six biomasses from the three systems. For both MBBR 1 and MBBR 2 the carrier-attached biomasses 

performed significantly better (Tukey post hoc test, z = 2.83, p < 0.01) than the suspended sludge from 

the same system suggesting an increased potential for MP transformation. The median as well as the 

mean of the kbiol values determined in the batch with carriers from MBBR 1 were more than three times 
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higher than in the batch with the corresponding suspended sludge. Moreover, kbiol from this batch was 

about two times higher than in the batches with the carriers from the other two systems, which indicates 

a considerably high transformation potential of the carrier-attached biomass of MBBR 1. Consistent 

with the increased kbiol values of the carrier-attached biomasses from MBBR 1 and MBBR 2, the median 

of the kbiol determined for the carrier-attached biomass from MBBR 3 was also higher than that 

determined for the corresponding suspended sludge. However, in case of MBBR 3 the difference on rate 

constants could not be confirmed to be statistically significant. This might be explained by the 

considerably higher SRT in MBBR 3 (12 d) compared to MBBR 1 (3 d) and MBBR 2 (5 d). 

 

 

Figure 3.1: Boxplot of transformation rate constants (kbiol) of 31 analyzed compounds during a 72 h incubation with suspended 

sludge (SL) or carriers (CR) from MBBR 1, MBBR 2 and MBBR 3. The dashed and solid lines represent the mean and median 

values, respectively. Different red letters represent significant differences (p < 0.05) between the batches, based on a Kruskal-

Wallis test with Tukey post-hoc test. For a better visualization the y-axis is displayed only up to 5 L/(g*d). 

 

The analysis of the 31 spiked MPs revealed that five compounds were persistent upon incubation (<20% 

transformation) in all batch experiments (Table B.3): carbamazepine (CBZ), diatrizoate, venlafaxine, 

fluconazole and primidone. This is in accordance with other studies investigating the biological 

transformation of those compounds during biological wastewater treatment (Kaiser et al., 2014; Kormos 

et al., 2010; Schlüsener et al., 2015; Ternes, 1998). These compounds were not taken into consideration 

for the further assessment of the investigated biological treatment systems.  
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For a more compound-specific comparison of sludge- vs. carrier-mediated transformation performance 

the kbiol of the individual degradable MPs in sludge- and carrier-containing batches were compared for 

each individual systems by Studentôs t-test (normal distribution of kbiol replicates was assumed). 

Significant differences (p < 0.05) between the rate constants determined in batches with sludge (kbiol, 

sludge) and carriers (kbiol, carriers) are shown in Figure 3.2 for each system according to the following Eq.: 

 

Ὧ ȟ   Ὧ ȟ   ό Ὧ ȟ                Eq. (3.3) 

 

 

Figure 3.2: Bar chart of significant differences in transformation rate constants (kbiol) [L/(g*d)] between carrier and sludge for 

the non-persistent MPs (calculation according to Eq. (3.3)). Blue bars represent significantly higher kbiol in the batches with 

carriers and red bars significantly higher kbiol in the batches with suspended sludge. No significant differences are denoted as 

n.s.. Compounds were categorized into four groups: (A) significantly higher values in carrier-attached biofilm in at least two 

of the three systems; (B) significantly higher values in suspended sludge in at least two of the three systems; (C) significantly 

higher values in suspended sludge from one system and carrier-attached biofilm from another system; (D) no significant 

differences in at least two of the three systems. Significance level was set up to p < 0.05 (Studentôs t-test). 

 
The non-persistent MPs could be categorized into four groups according to the difference in their kbiol 

in sludge- and carrier-containing batches: (A) statistically significantly higher values in batches with 

carrier-attached biomass in at least two of the three systems; (B) statistically significantly higher values 

in batches with suspended sludge in at least two of the three systems; (C) no clear trend, but statistically 
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significantly higher values in batches with suspended sludge from one system and carrier-attached 

biofilm from another system; (D) no significant values in at least two of the three systems. 

In detail, group A consisted of 12 compounds: trimethoprim (TMP), diclofenac (DCF), mecoprop 

(MCPP), climbazole (CLZ), 10,11-dihydro-10-hydroxycarbamazepine (DHH-CBZ), 2-hydroxy-

carbamazepine (2-OH-CBZ), 3-hydroxycarbamazepine (3-OH-CBZ), codeine (COD), iopromide 

(IPM), oxazepam (OZP), erythromycin (ERY) and 10,11-dihydro- 10,11-dihydroxycarbamazepine 

(DH-DH-CBZ). These MPs revealed significantly increased transformation efficiencies in carrier-

attached biofilms compared to suspended sludges from at least two of the three wastewater treatment 

systems. Strikingly, five of those compounds, namely TMP, DCF, MCPP, CLZ and DHH-CBZ, even 

showed significantly higher kbiol in reactions with carrier-associated biofilm from all three systems (0.2 

- 11 L/(g*d) higher). For the compounds TMP and DCF these results were in accordance with previous 

studies, reporting an improved transformation by attached compared to suspended biomasses (Falås et 

al., 2012; Falås et al., 2013; Jewell, Falås, et al., 2016; Zupanc et al., 2013). Except for climbazole, 

which is known to be transformed by a hydrogenation of the keto group (Brienza & Chiron, 2017), all 

other compounds of the aforementioned five compounds from group A have been reported to be 

transformed by oxidative reactions. While TMP and MCPP can be primarily transformed by an oxidative 

dealkylation of the phenoxy group (Jewell, Castronovo, et al., 2016; Juhler et al., 2001), hydroxylation 

reactions have been described to be one of the major primary reactions leading to transformation of DCF 

(Jewell, Falås, et al., 2016) and DHH-CBZ (Kaiser et al., 2014). This might be an indication that 

independently of the specific MBBR system, carrier-attached biofilms facilitate especially the removal 

of compounds transformed by oxidative transformation reactions. Interestingly, in the batches with 

carrier-associated biofilm from MBBR 1, kbiol of TMP, DCF and MCPP were also considerably higher 

(11.5, 7.4, 7.7 L/(g*d), respectively) compared to the other investigated batches with carriers from 

MBBR 2 (0.5, 0.8, 0.9 L/(g*d), respectively) and MBBR 3 (3.0, 0.7, 0.6 L/(g*d), respectively). This 

unique feature of MBBR 1 will be discussed at a later stage. 

A correlation of the residual concentrations (Table B.3) at each time point and for each replicate in all 

six batches revealed a highly comparable transformation behavior of DCF and MCPP independently of 

the biomass (R2 = 0.95) (Table B.4). This result supports similar findings of Falås et al. (2018) and 

suggests that both chlorinated aromatic compounds might be transformed by related microorganisms 

and/or enzymes.  

The other seven compounds of group A, which displayed a faster transformation in carrier-attached 

biofilm from only two of the three systems, were the carbamazepine metabolites 3-OH-CBZ, 2-OH-

CBZ and DH-DH-CBZ, as well as COD, IPM, OZP and ERY. For five compounds (3-OH-CBZ, 2-OH-

CBZ, COD, IPM and DHDH-CBZ) significantly higher kbiol values were observed only in the carrier-

attached biofilm from MBBR 1 and MBBR 2. This might be attributed to the low SRT of the suspended 

sludge in these systems (<5 d) which is not sufficient for nitrification. For IPM this would be in 
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accordance with other studies reporting that removal of IPM is restricted to nitrifying activated sludge 

treatment (Batt et al., 2006; Gonzalez-Gil et al., 2021). However, for OZP and ERY significant 

differences between suspended sludge and carrier-attached biofilm was observed for both MBBR 1 

(lowest SRT of 3 d) and MBBR 3 (highest SRT of 12 d) but not for MBBR 2 (SRT of 5 d). This indicates 

that differences in the transformation potential between the suspended sludge and the carrier-attached 

biofilms cannot solely be attributed to SRT.  

Looking at the primary transformation revealed that at least for five of the above-mentioned compounds 

removal can also be attributed to oxidative transformation reactions: 2-OH-CBZ was found to be mainly 

oxidized to carbamazepine iminoquinone by dehydrogenation and cleavage of the carbamoyl moiety; 3-

OH-CBZ has been observed to be oxidized to phenoxy radicals leading to dimers and nitro derivatives 

(Brezina et al., 2015); and the initial transformation reactions of DHDH-CBZ, codeine and iopromide 

were reported to be dehydrogenations of alcohol moieties (Kaiser et al., 2014; Schulz et al., 2008; Wick 

et al., 2011). In literature the compounds DCF, TMP and OZP of group A were described as rather 

persistent in CAS treatment (Jewell, Castronovo, et al., 2016; Jewell, Falås, et al., 2016; Kosjek et al., 

2012; Wick et al., 2009). Their reported kbiol in batches with nitrifying activated sludge were in the same 

range as those determined in contact with suspended sludge from the three MBBR systems in this study. 

The considerably higher kbiol in carrier-containing batches in our study illustrate the high potential of 

carrier-attached biofilm to transform certain compounds that are not or only to a minor extent 

transformed in conventional activated sludge treatment. 

Only three of in total 26 MPs (benzotriazole, atenolol and clarithromycin) were found to exhibit 

significantly higher transformation rates in batches with suspended sludge from at least two systems, 

and were therefore categorized into group B (Figure 3.2). This is in accordance to the results from Falås 

et al. (2013), who observed a slightly faster transformation of atenolol as well as a significantly faster 

transformation of benzotriazole with the suspended sludge compared to the carrier-attached biofilm 

taken from the hybrid biofilm-activated sludge stage in MBBR 1. Consistently, the study of Casas et al. 

(2015) revealed only 40% removal of atenolol in a pilot plant consisting of three MBBRs in series. In 

contrast, Torresi (2017) observed higher kbiol values in three different MBBR systems (pre-denitrifying, 

nitrifying and post-denitrifying) compared to literature references from conventional activated sludge 

systems. While clarithromycin showed at least for two systems a significantly faster transformation with 

the suspended biomass, erythromycin belonging to the same class of macrolide antibiotics showed an 

opposing trend and was assigned to group A. However, the opposing transformation behavior of these 

structurally closely related compounds with carrier-attached and suspended biomass is in accordance 

with the different main initial transformation reactions reported for both compounds by Tezel (2018). 

While the main primary TPs of erythromycin resulted from the cleavage of the cladinose and desosamine 

moieties known to be catalyzed by glycosidases, the dominant TPs of clarithromycin could be explained 

by phosphorylation of the desosamine moiety and hydrolysis of the macrolactone ring (Tezel, 2018). 
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No clear trend could be determined for the five compounds from group C: bezafibrate, acesulfame, 

terbutryn, tramadol and diuron. For all these compounds kbiol were significantly higher with either 

carrier-attached or suspended sludge when comparing MBBR 1 and MBBR 3. In batches with carrier-

attached biofilm from MBBR 2 no significant differences between carrier and sludge rates could be 

observed within group C. Interestingly, bezafibrate (group C) and atenolol (group B) showed a different 

pattern in their transformation rates, even though both are known to be transformed by hydrolysis of 

their amide moieties (Quintana et al., 2005; Radjenoviĺ et al., 2009).  

For the six MPs of group D (metoprolol, acyclovir, iopamidol, carbendazim, sotalol and 

sulfamethoxazole (SMX)) no significant differences in transformation rates between carrier and sludge 

batches could be detected in at least two of the three wastewater treatment systems. Comparing the 

iodinated X-ray contrast media iopromide (group A) and iopamidol, both have been described to be 

initially transformed via oxidation of a primary hydroxyl group (Kormos et al., 2010; Schulz et al., 

2008), yet only iopromide showed a clear trend for an enhanced transformation rate with carrier-attached 

biofilms rather than with suspended sludge. Consistent with an increased transformation of iopromide 

by carrier-attached biomass (Table B.2), previous studies measured an increased transformation of 

iopromide, however only minor transformation of iopamidol in staged MBBR systems (Casas et al., 

2015; Tang et al., 2017). In addition, Kovalova et al. (2012) showed that the highest removal out of six 

different analyzed iodinated X-ray contrast media (ICMs) from hospital wastewater by an membrane 

bioreactor (MBR) was for iopromide (31%), while the removal was negligible for the other ICMs. These 

results indicates that biofilm-associated microbial communities foster specifically the transformation of 

iopromide but not of other structurally closely related ICMs.  

As stated above, the transformation of those compounds, for which a clear trend of a faster 

transformation with the carrier-attached biofilm was observed (group A), could be mainly attributed to 

oxidative reactions. On the other hand, the transformation efficiency seems to be rather compound-

specific as the example of iopamidol shows that not all oxidative transformation reactions are generally 

facilitated. Like iopamidol, also benzotriazole, terbutryn, metoprolol, acyclovir and diuron have been 

described in literature to be transformed by different oxidative reactions, but did not show elevated 

transformation rates with the carrier-attached biofilms. However, the rather consistent differences in the 

transformation behavior of the compounds of group A and B between carrier-attached biofilms and 

suspended sludge from the three systems also suggest distinct differences between the microbial 

communities of the respective biomasses. Particularly, the carrier-attached biomass from MBBR 1 is to 

be highlighted as it revealed the highest averaged kbiol (Figure 3.1) as well as the highest overall 

transformation (Table B.3), which argues for a specific potential of the contributing microorganisms in 

MP transformation. 
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3.3.2 Taxonomic analysis of the investigated systems 

3.3.2.1 General description of the microbial communities 

In order to elucidate the described differences in MP transformation efficiency and compare them to 

differences in the microbial composition, 16S rRNA amplicon sequencing analysis of sludge and carrier 

samples from the three examined wastewater treatment systems was performed. 

A first general evaluation was enabled by the calculation of three biodiversity indices ï the species 

richness (H0), the Shannon index (H1) and the equitability (J) ï which are considered important 

parameters for understanding microbial community structures (Hernandez Raquet et al., 2013; Wolff et 

al., 2018). All analyzed samples shared a total number of 9688 operational taxonomic units (OTUs) with 

a sequence similarity of 97%, which distinguishes microorganisms down to genus level. Here, OTUs 

could be annotated to in total 975 genera. At 97% sequence similarity, the results for species richness 

and Shannon index in the biomass samples from all three MBBR systems ranged from 1378 (MBBR 1, 

sludge) to 2542 (MBBR 3, carrier) and 4.98 (MBBR 1, sludge) to 6.2 (MBBR 3, carrier), respectively 

(Table B.5), which is comparable to findings for other wastewater microbial communities reported in 

literature (Gonzalez-Martinez et al., 2016; Johnson, Helbling, Lee Tae, et al., 2015; Wang et al., 2016; 

Wolff et al., 2018). Strikingly, for each of the three investigated systems species richness and Shannon 

index were statistically significantly (p < 0.05, Studentôs t-test) higher for the carrier-attached biomass 

over the suspended biomass with rather comparable values for equitability. Also, the averaged 

biodiversity indices of the three different systems revealed higher values for carrier-attached biomass 

compared to suspended biomass, letting assume an increased biodiversity in microorganisms attached 

to the carriers. This result complies with findings from other studies analyzing the biodiversity in 

biocake and aerobic mixed liquor (Gao et al., 2014) or CAS and membrane bioreactors (Silva et al., 

2010). The different microbial population dynamics could be explained by the occupation of metabolic 

and territorial niches on the carrier-attached biofilm because of different predominant conditions such 

as low foot-to-microorganism ratio, the long sludge retention or different substrate and redox gradients 

within the biofilm (Bauer et al., 2018; Choi et al., 2007; De Wever et al., 2007; Falås et al., 2012). 

In total, the microbial communities from all sequenced samples were composed of 63 identified 

prokaryotic phyla with the seven most dominant (Proteobacteria, Bacteroidetes, Nitrospirae, 

Actinobacteria, Planctomycetes, Chloroflexi and Acidobacteria) constituting a minimum of 86% in each 

of the analyzed biomasses (Figure 3.3A). Concomitantly, the highest relative abundance proportions in 

each investigated sample could be allocated to Proteobacteria, fluctuating between 43% (MBBR 3, 

carrier) and 70% (MBBR 1, sludge). Even though the shares of phyla and classes in the biomass varied 

between the three wastewater treatment systems, the relative differences between suspended sludge and 

carrierattached biomass in the same system were in most cases rather comparable (Table B.6). Six phyla 

and 12 classes were significantly enriched in all three carrier-attached biomasses compared to the 

corresponding suspended biomasses, while one phylum and six classes showed significantly higher 
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relative abundances in the suspended biomasses (Studentôs t-test, p < 0.05). For example, Nitrospirae 

(on phylum level) and Alphaproteobacteria (on class level) were significantly increased in carrier-

attached biomasses by at least 8% relative abundance, whereas Bacteroidetes (on phylum level) and 

Betaproteobacteria (on class level) were significantly increased in suspended biomasses by at least 7.5% 

relative abundance (Figure 3.3A). 

On OTU level, a principal component analysis (PCA) was used to visualize similarities between the 

microbial communities occurring in the different systemsô biomass matrices as well as similarities 

between the individual triplicates (Figure 3.3B). Regarding the latter, the PCA plot illustrates clustering 

of the triplicates of each biomass, indicating a good comparability of the biological replicates and 

methodical reproducibility. The separation of the carrier-attached biofilm samples (left side) from the 

suspended sludge samples (right side) along the x-axis (PC 1; 37.3% of variation) shows that on OTU 

level the carrier-attached and the suspended sludge communities are indeed distinct in some measure. 

In addition, the samples are also distributed along the y-axis (PC 2; 31.2% of variation) according to 

their original system, with the samples from MBBR 1 in the upper half opposite to the samples from 

MBBR 2 and the MBBR 3 accumulating in the lower half of the plot. Hence, taxonomy seems to be 

another feature that distinguishes MBBR 1 from the other two systems further supporting the assumption 

that the microbial composition reflects to a certain degree the transformation potential of the investigated 

systems. In the following, particular attention will be focused on identifying relationships between MP 

transformation and the microbial communities of the corresponding matrices. 
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Figure 3.3: A ï Relative abundance [%] of the top seven taxa on phylum and class level (only for Proteobacteria) in the different 

batches. Depicted are the mean values of three replicates. B ï Principal component analysis (PCA) of operational taxonomic 

unit (OTU) abundances identified in carrier-attached biofilm and suspended sludge of three MBBR systems. The Fig. shows 

the PCA score plot of the first two principal components (PC 1 and 2) explaining a total of 68.5% of the variation in the 

taxonomic composition of the carrier-attached and suspended sludge communities in the three different MBBRs. 

 

3.3.2.2 Classification in core and specialized communities 

For a more detailed analysis of specific differences between the sludge and carrier communities of the 

three treatment systems the assigned genera were divided into core communities (mutual genera 

classified according to the criteria described in Wolff et al. (2018)) and specialized communities 

(classified as genera with 70% contribution to the dissimilarities between the investigated systemsô 

communities). The core communities were determined separately for the three carrier-attached 

biomasses and for the three suspended biomasses of the three investigated MBBRs. 74 genera (8% of 

all genera comprising an average relative abundance of 19.8% in all carrier samples) were allocated to 

the core community of carrier-attached biomasses, while 45 genera (5% of all genera comprising an 

average relative abundance of 12.6% in all sludge samples) were allocated to the core community of 

suspended biomasses, with both matrices sharing an overlap of 33 genera (Figure 3.4). 

The taxonomic groups with the highest proportion in both core communities were genera from the 

classes Alpha- and Deltaproteobacteria, with Deltaproteobacteria displaying a rather similar relative 

abundance in both communities. In line with this, most of the 33 genera shared in sludge and carrier 
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core communities (e.g., Bdellovibrio, Phaselicystis, and Nannocystis) also belong to the class of 

Deltaproteobacteria and have been described as prevalent organisms in soil as well as in activated sludge 

(Brinkhoff et al., 2012). This suggests that these genera can be defined as ubiquitous generalists 

occurring likely independently of the predominant process conditions in both suspended sludge and 

carrier-attached biofilm. Alphaproteobacteria, on the other hand, could be shown to be more prevailing 

in the core community of the carrier-attached biofilms (about 3.7 times the relative abundance). A major 

part of the obtained genera within the class of Alphaproteobacteria belongs to the orders Rhizobiales 

(e.g., Devosia, Mesorhizobium, or Variibacter) and Sphingomonadales (e.g., Sphingobium, Zymomonas, 

or Sphingomonas). While genera of the order Rhizobiales are known to fix nitrogen (Fischer, 1994), the 

genus Sphingomonas within the order of Sphingomonadales has been described to have a general high 

potential of degrading a wide variety of carbon sources including pesticides or other xenobiotics 

(Aylward et al., 2013; Leys et al., 2004; Sasaki et al., 2005; Stolz et al., 2000). In particular, it was found 

that species of this genus are capable of degrading both enantiomers of the chiral herbicide mecoprop 

(Nielsen et al., 2013; Zipper et al., 1996), which is in accordance with the more than six times higher 

average relative abundance of Sphingomonas and the significantly faster transformation of mecoprop in 

batches with the carrier-attached biofilms. 

Besides, also genera with exclusive presence in one or the other core community were identified, such 

as 41 genera exclusively present in the core community of the carrier-attached biomass - a considerably 

higher number compared to only 12 genera, which were specific for the core community of the 

suspended sludge. Additionally, the carrier core community comprised eight phyla (abundance 

proportion of 3.2%) solely found in the carrier community. Together with the results mentioned above, 

it can be assumed that the core community of the three carrier-attached biomasses was more diverse, 

which might also increase the number of potential metabolic pathways to transform MPs.  
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Figure 3.4: Venn diagram with shared and unique genera of the core communities of carrier-attached biofilm (blue circle) and 

suspended sludge (orange circle) from all three investigated systems. The overlap indicates the number of genera which were 

detected in both matrices. The bar plots illustrate the averaged summed up relative abundance of phyla (for Proteobacteria on 

class level) in the respective biofilm matrix. 

 

Based on a SIMPER analysis the 69 genera that exhibit the highest variation in relative abundance 

between the different batches were defined as specialized community (Figure 3.5). In general, about half 

of the taxa annotated as specialized community revealed no clear tendency to occur predominantly in 

the suspended or carrier-attached biomass (Figure 3.5, first section), whereas the other half (51%) 

showed a significantly (p < 0.05; Studentôs t-test) higher relative abundance in either suspended (21 

genera) or carrier-attached (14 genera) biomass in each of the three systems (Figure 3.5, second or third 

section, respectively; Table B.7). Remarkably, genera of phyla or classes that had been found to be 

enriched in certain biomasses (Figure 3.3A), such as Nitrospirae and Alphaproteobacteria for carrier-

attached biofilms, or Bacteroidetes and Betaproteobacteria for suspended sludge, were confirmed as 

specialized community and were increased in the corresponding biomass. Although genera in the first 

section of Figure 3.5 did not show a significant tendency towards a certain biomass matrix, there were 

specific enrichments in individual systems or single matrices detected, of which the most striking will 

be included in the following interpretations. 

One third of the genera with a significantly increased relative abundance in the suspended sludge 

biomasses belonged to the class of Betaproteobacteria followed by Sphingobacteriia (19%), mostly 

annotated only to the family level (Figure 3.5, second section; Table B.7). Concomitantly, the families 

Comamonadaceae and Saprospiraceae within these classes exhibited the (in average) highest differences 

in relative abundance between the sludge and the respective carrier samples (3.7% and 2.2%, 
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respectively). The most significant genera to be dominant in suspended sludge samples were 

characterized as aerobic denitrifying bacteria (e.g., Rhodoferax, Lamia, or Zoogloea) as well as bacteria 

responsible for phosphorus removal (e.g., Dechloromonas, Candidatus Microthrix). Besides, also 

filamentous organisms like Haliscomeno-bacter or Candidatus Microthrix known to be responsible for 

sludge separation problems were found to be elevated in the sludgeôs specialized community. The 

presence of the named genera is typical for the microbial community of CAS treatment, and comparable 

with other studies (McIlroy et al., 2016; Wagner et al., 2002; Zhang et al., 2012; Zhao et al., 2014). 

Nevertheless, certain genera displayed a very specific dominance in individual samples as, for instance, 

the actinobacterial Tetrasphaera being highly enriched in the suspended sludge sample from MBBR 2, 

or the quite uncharacterized genus Chiayiivirga of the family Xanthomonadaceae in sludge from MBBR 

3. From the same family, also the genus Thermomonas showed an explicit preference for one sample 

and was mainly detected in suspended sludge from MBBR 1. The fact that also the abundance of the 

genera Haliangium, Dechloromonas and Zoogloea was shifted towards the sludge from MBBR 1, might 

explain the separation of this sample from the other sludge samples in the OTU-based PCA (Figure 

3.3B). 

Most of the significantly higher abundant genera in the carrier-attached biofilms of the three systems 

were assigned to aerobic heterotrophic organisms. Additionally, it could be confirmed that carrier-

attached biofilms seem to promote slow-growing organisms like Nitrospira (doubling time from 13 to 

43 h) or Hyphomicrobium (doubling time approx. 9 h) as well as dimorphic prosthecate bacteria (DPB) 

such as Woodsholea, Hyphomicrobium and Pedomicrobium (Badger et al., 2006; Nowka et al., 2015) 

(Figure 3.5, third section). DPB are Alphaproteobacteria that reproduce in an asymmetric manner (rather 

than by binary fission) resulting in a non-motile form, which has the ability to adhere strongly to surfaces 

and form biofilms (Badger et al., 2006). The relative abundances of Hyphomicrobium, Rhizomicrobium 

as well as Pedomicrobium, all belonging to the order Rhizobiales, were on average three times higher 

in the carrier-attached biomasses in comparison to the corresponding suspended biomasses. 

Consistently, Hyphomicrobium and Rhizomicrobium were also found among the 20 most abundant 

genera in carrier-attached biofilms by Cimbritz, Edefell, Thörnqvist, El-taliawy, Ekenberg, Burzio, 

Modin, Persson, Wilén, Bester, et al. (2019). Especially Hyphomicrobium, an aerobic, 

chemoorganotrophic, facultative methylotrophic and denitrifying genus has been described as an 

important organism associated with MP transformation. Many species of this genus are able to 

mineralize pollutants such as aromatic hydrocarbons, methyl chloride, and various alcohols including 

methanol (Badger et al., 2006). 

Besides, also taxa responsible for cycling iron were found to be generally enriched in all carrier samples, 

such as Pedomicrobium, Rhizomicrobium and Acidibacter. While Pedomicrobium was characterized as 

a ubiquitous, aerobic and heterotrophic genus able to precipitate or oxidize iron (Bilyy et al., 2011; 

Gebers & Beese, 1988), the anaerobic genera Rhizomicrobium and Acidibacter, in contrast, were 
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described as iron-reducing bacteria (Falagán & Johnson, 2014; Ueki et al., 2010). The presence of these 

genera indicates the presence of strong redox gradients in the carrier-attached biofilms. Thus, also 

gradients for the availability of carbon and nitrogen can be assumed. This might facilitate biodiversity 

and to some extent also the capability for degrading relatively recalcitrant MPs (Johnson, Helbling, Lee 

Tae, et al., 2015; Johnson, Lee, et al., 2015). The predominant redox conditions and the important role 

for the MP transformation was also described in other studies (Falås et al., 2013; Torresi et al., 2019; 

Wolff et al., 2018) and confirmed the results. 

Particularly to be highlighted was also the relative abundance of the nitrifying genus Nitrospira being 

on average seven times higher in the carrier samples compared to the respective sludge samples. In the 

biomass of the carriers from MBBR 1 Nitrospira contributed even up to 20% of the whole community 

and was considerably higher abundant than in the biomasses from the carriers of the other two systems. 

This might also explain the observed separation of the carrier biomasses in the PCA (Figure 3.3B). The 

OTUs of this genus could even be annotated down to species level to Candidatus Nitrospira nitrificans 

(99.2% sequence identity; database: EzBioCloud version 2019.05.31). This species belongs to the 

comammox organisms (COMplete AMMonia OXidizer) that are able to perform a complete nitrification 

as they express enzymes for both ammonia and nitrite oxidation to convert ammonia to nitrate. The first 

step, oxidation of ammonia to nitrite, is catalyzed by the enzyme ammonia monooxygenase (AMO) in 

comammox organisms as well as in ammonia oxidizing bacteria (AOB). In an environment like the 

carrierattached biofilm however, the growth of comammox bacteria, such as the slow-growing 

Candidatus Nitrospira nitrificans, is favored due to the formation of niches and gradients with specific 

oxygen or nitrite concentrations (Sobotka et al., 2018). In chemostats and well-mixed systems like 

activated sludge treatment, on the other hand, AOBs outcompete the comammox bacteria resulting in 

their low observed abundances in the sludge samples. In general, a positive relationship between 

nitrification and the transformation of certain MPs has been discussed (Achermann, Falås, et al., 2018; 

Helbling, Ackermann, et al., 2012; Sathyamoorthy et al., 2013; Xu et al., 2016). Hence, based on this 

literature a specific positive relationship between the high relative abundances of the nitrifying species 

Candidatus Nitrospira nitrificans and the relatively high potential of the investigated carrier-attached 

biofilms to transform some compounds known to be initially transformed by oxidative reactions might 

be assumed, but needs to be investigated further. Some studies explained the positive relationship 

between nitrifying activity and transformation potential with the ability of the relatively unspecific 

enzyme AMO to co-oxidize for example aromatic compounds probably via hydroxylation reactions 

(Khunjar et al., 2011; Yi & Harper, 2007; Yu et al., 2018). In contrast, the results of Achermann, Falås, 

et al. (2018) pointed toward a non-causal relationship as they observed that trends of an increased MP 

removal at higher SRTs accompanied by higher nitrifying activity were hardly impeded when the AMO 

enzyme was inhibited. 
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Figure 3.5: Bubble plot displaying the relative abundance of different genera of the specialized community in the three systems 

(MBBR 1-3) and biomass matrices (carrier, sludge). The order of genera is based on the analysis of similarity percentages 

(SIMPER). The size of the bubbles represents the relative abundance of the respective genus. The plot is separated into three 

sections, with the first section (top) showing no significant tendency for a certain biomass matrix, the second section (middle) 

with significantly higher abundance in suspended biomass samples, and the third section (bottom) with significantly higher 

abundance in carrier-attached biomass samples. 
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3.3.3 Comparison of the systemsô microbial communities with their 

micropollutant removal 

Having elucidated the MP transformation potential of different carrier-attached biofilms and the 

corresponding suspended sludge as well as the details of the taxonomic composition of the investigated 

matrices, we aimed at examining whether there is a general (calculable) link between these two results. 

First, we questioned if biodiversity can be correlated to MP removal, in particular to the measured kbiol. 

Since only three systems were analyzed the validity of a statistical test is restricted (n = 3). When 

correlating (Pearson product-moment correlation) the obtained kbiol (median or mean of every analyzed 

MP) to the mentioned biodiversity indices for all samples (both matrices), no significant correlations 

could be observed (data not shown). However, when performing the correlation separately for the carrier 

and the sludge values, significant results could be obtained (Table B.8). 

For the suspended sludge, calculations resulted in general in positive correlations between kbiol and 

biodiversity indices (significant correlation of the mean kbiol: R > 0.79; p < 0.05). In detail, 12 out of 26 

nonpersistent MPs showed a significant correlation between transformation performance and (at least 

two) biodiversity indices, with all being positive except for benzotriazole. This result supports the 

findings from other studies indicating a positive association of the microbial biodiversity and the MP 

biotransformation rate of specific compounds in conventional biological wastewater treatment (Johnson, 

Helbling, Lee Tae, et al., 2015; Stadler & Love, 2016; Torresi et al., 2016). In contrast, kbiol and 

biodiversity of the carrier-attached biomass correlated generally negatively (significant correlation of 

mean kbiol: R < -0.93; p < 0.05). Here too, 12 MPs displayed a significant correlation to (at least two) 

biodiversity indices. This included compounds like TMP, DCF and MCPP, which were detected to be 

transformed faster in carrier samples. These results were in accordance with the overall negative 

correlations (Pearson product-moment correlation) of three-stage and single-stage MBBR systems as 

observed by Torresi et al. (2018). One explanation for the negative correlations could be that rather few, 

but abundant organisms such as Nitrospira were decisive for the increased transformation of certain 

MPs. The results of the present correlations indicate that biodiversity is an important parameter when 

describing microbial communities. However, since for the current study correlations could only be 

performed for data from three different systems, results on the influence of biodiversity on the 

transformation potential of carriers and suspended sludge in hybrid MBBRs need to be further confirmed 

by follow-up studies. These studies should also include sludge from CAS systems covering different 

SRTs and biofilms from stand-alone MBBRs, since literature has already shown an influence of SRT 

on the microbial diversity, which in turn can influence the transformation potential (Sun et al., 2020). 

Next, we performed a Mantel test to investigate the relationship of kbiol and relative abundances of taxa 

for both OTU and genus level. The resulting significant correlations (R > 0.78; p = 0.001 for both cases) 

support the hypothesis of a clear link between the transformation potential and the microbial community 

composition. A canonical correspondence analysis (CCA) was further used to correlate independent 
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metric variables (here kbiol of the analyzed MPs) with the relative abundances of the 69 genera defined 

as specialized community of the different batches. The tri-plot (Figure 3.6) summarizes the result of the 

CCA and displays how the specialized community was organized with respect to MP transformation 

rates by finding features that are statistically significant in terms of explaining the covariance between 

the given sets of variables. The percentage variance of axis 1 (horizontally) and axis 2 (vertically) are 

30% and 27%, respectively. In accordance with the PCA plot of the microbial community on OTU level 

(Figure 3.3B), the MBBR 1 (upper half) and its biomass (carrier-attached left, suspended sludge right) 

are clearly separated from the other two systems (lower half). In addition, also a distinct differentiation 

could be observed for the sludge from the MBBR 2. In contrast, the triplicates of the MBBR 3 suspended 

sludge grouped with the carrier-attached samples of MBBR 3 and 2. The kbiol of terbutryn, benzotriazole 

and tramadol exhibited the strongest associations with the community composition in the suspended 

sludge samples of MBBR 1 and genera such as Thermomonas, Zoogloea and Dokdonella. The other 

suspended sludge samples (MBBR 2 and 3) correlated not at all or negatively with the MPs and were 

characterized by the prevalence of taxa like Tetrasphaera or Saprospiraceae described in previous 

chapters. In accordance with the results of chapter 3.1, most MPs, including trimethoprim or diclofenac, 

correlated significantly with the composition of the carrier-attached biomass of all systems, especially 

with MBBR 1. In addition, the relative abundance of genera like Acidibacter, Nitrospira and 

Rhizomicrobium (see chapter 3.3.2.2) resulted in a correlation with the named MPs and showed a 

statistical dependence. The results were in accordance with some indicator taxa found by Liang et al. 

(2021). For example the genus TK10 has in both studies a highly positive correlation with the kbiol values 

of sotalol. This is also true for the genus Planctomyces or members of the order Rhizobiales, which 

resulted in good correlations with the kbiol values of diclofenac (Liang et al., 2021). Even though this 

does not necessarily point to a causal relationship, these organisms might be rated as biological 

indicators for the improved transformation of the associated MPs in carrier-attached biofilms. 
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Figure 3.6: Canonical correspondence analysis (CCA) tri-plot illustrating associations between genera of the specialized 

community (black dots), triplicate samples of the carrier-attached biomass (CR) and suspended sludge (SL) from the three 

different MBBRs (MBBR 1-3, red squares) and transformation rate constants (kbiol) of MPs (green arrows). The proximity of 

samples to one another indicates the relative similarity of the bacterial community. The proximity of samples to bacterial genera 

indicates the relative abundance of these genera in the samples. Arrows indicate the direction of increasing kbiol values and the 

length of arrows represent the degree of correlation of kbiol values with the genera distribution. The tri-plot describes 57% of 

the total variation, with 30% being described on the first axis and 27% on the second axis. 

 

3.3.4 Practical implications 

Most MPs in group A were transformed considerably faster by the carrier-attached biofilm compared to 

the suspended sludge from the two full-scale WWTPs with low SRT of 3 and 5 days (Figure 3.2). This 

indicates that retrofitting of activated sludge processes with low nitrification capacities by the addition 

of carriers could also improve the MP removal. In particular, the microbial communities of the carrier-

attached biofilms seem to have a high potential for an increased transformation of MPs transformed by 

oxidative reactions. One prominent example of these MPs is diclofenac, whose proposed annual average 

environmental quality standard concentration of 50 ng/L is considerably exceeded in many European 

waters because of its recalcitrance or only minor removal in conventional WWTPs (Loos et al., 2018). 

From a practical perspective, this upgrading method is particularly interesting for WWTPs in confined 

areas where space is rather scarce and discharge demands must be met with existing reactor volumes. 
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Furthermore, the study confirmed the hypotheses that common characteristics in the transformation 

potential of suspended sludge and carrier-attached biofilms from hybrid MBBRs are linked to distinct 

differences in their microbial community composition. This is of practical relevance as the 

understanding of relationships between the transformation performance and specific indicator organisms 

could foster the optimization and control of hybrid MBBRs but also of biological treatment processes 

in general. Nonetheless, more studies are needed to investigate the direct role of particular organisms 

such as the abovementioned genera Acidibacter or Rhizomicrobium in MP transformation, as well as 

their suitability as indicators of favorable environment conditions for the transformation of certain MPs. 

Moreover, follow-up studies are needed to investigate to which extent the results from hybrid MBBRs 

can also be transferred to general differences between activated sludge and carrier-attached biofilms. 

 

3.4 Conclusions 

¶ Biofilms from three hybrid MBBR systems showed a significantly higher transformation potential 

for several MPs known to be transformed by oxidative reactions (e.g., TMP, DCF, MCPP, and 

DHHCBZ) in comparison with the respective suspended sludge, indicating that carrier-attached 

biofilms have in general a higher potential for oxidatively degrading certain MPs. 

¶ While for 11 of 31 examined MPs transformation was observed to be more effective in batches with 

carrier-attached biofilms, only for few MPs (benzotriazole, clarithromycin and atenolol) the 

transformation rates were found to be higher in batches with suspended sludge. This supports an 

overall higher transformation potential of the carrier-attached biofilms, but also highlights 

compound-specific differences. 

¶ The specific prevalent conditions within carrier-attached biofilms lead to the establishment of a 

biocenosis, which was characterized by certain high abundant taxa as well as by a proportionally 

larger and more diverse core community compared to the suspended sludge. Together with an 

increased transformation efficiency, this might entail a higher metabolic diversity of carrier-attached 

microorganisms to (co-) metabolize a larger number of organic compounds. 

¶ The difference in microbial composition of carrier-attached and suspended biomasses could be 

mainly attributed to a specialized community of 69 genera. For some of them (especially 

Acidibacter, Nitrospira, and Rhizomicrobium) a statistically significant link between their relative 

abundance and the transformation rates of specific MPs could be observed. This indicates that only 

a few specialists may contribute to the variety in MP transformation between carrier-attached 

biofilm and suspended sludge and that these taxa bear the potential to serve as indicator organisms 

for a high MP transformation. 
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Abstract 

Due to the low environmental concentrations and substance-specific behavior of trace organic chemicals 

(TOrCs), general mechanistic insights can hardly be gained from biotransformation studies with 

individual substances. In this study, we aimed to identify prevalent enzymatic reactions under different 

redox and substrate conditions in a well-defined laboratory-scale column system. Biotransformation of 

chemicals in the first column, which was characterized by a relatively high biomass and rapid depletion 

of dissolved oxygen, was initiated by frequent and fast reactions such as the oxidation of alcohols or 

amide hydrolysis. Slower reactions, e.g., the initial dealkylation of primary and secondary amines, were 

inefficient in the first column and benefited from oxic and carbon-limited conditions prevalent in the 

second column system after reaeration. Moreover, several compound-specific reactions such as the 

cleavage of CīCl and CīO bonds through substitution with glutathione occurred only under carbon-

limited conditions. The link between system-specific TOrC removal and suggested initial reactions from 

the literature can serve as a starting point for a suspect screening of relevant enzymes for the 

biotransformation of TOrCs based on metagenomic or metatranscriptomic data. Complementary batch 

experiments with media from the columns confirmed the observed removal under carbon-rich conditions 

but revealed a limited reproducibility of microbial degradation under oligotrophic conditions. 

 

4.1 Introduction 

The European Commission has proposed a Zero Pollution Action Plan that is likely going to result in 

general legal requirements in the near future to reduce the release of organic chemicals to the aquatic 

environment ("European Commission. Zero pollution action plan. Towards a zero pollution ambition 

for air, water and soil.,"). This strategy will also require that wastewater treatment facilities of a certain 

size and discharging to streams with little dilution might have to employ advanced water treatment 

processes for trace organic chemical (TOrC) removal, including pharmaceutical residues, personal care 

products, or industrial chemicals (Bourgin et al., 2018; Kosek et al., 2020). While biological wastewater 

treatment processes are not designed for the removal of these substances, recent studies demonstrated 

that biotransformation of TOrCs can be improved if more favorable conditions are established compared 

to those present in conventional activated sludge systems (Maeng et al., 2011; Regnery et al., 2015). 

Different concepts of manipulating substrate and redox conditions have been proposed to take advantage 

of microbial processes and might thus provide cost-effective alternatives to advanced processes, 

including activated carbon adsorption and ozonation for the removal of TOrCs from wastewater 

treatment plant (WWTP) effluents (Müller et al., 2017; Tang et al., 2017). 

A majority of such approaches are based on the establishment of oxic conditions as they have been 

identified as being beneficial for the removal of most TOrCs (Burke et al., 2014; Regnery et al., 2015). 

In contrast, strategies addressing substrate and nutrient conditions are more diverse, including 

maintaining a selective pressure for oligotrophic organisms (Hellauer, Karakurt, et al., 2018; Regnery 
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et al., 2016), cycling of feeding and starving conditions (Tang et al., 2017), proper feeding of growth 

substrates or co-substrates (Singhal & Perez-Garcia, 2016), or preadaptation to increased concentrations 

of target chemicals (Rolph et al., 2020). To appropriately deploy strategies for the stimulation of the 

removal of TOrCs in biological treatment systems, we need a better understanding of dominant removal 

mechanisms, relevant bacteria, enzymes and cofactors, and optimum environmental conditions for 

enhanced TOrC biotransformation. 

Despite recent research efforts, our current knowledge of microbially mediated TOrC removal is still 

limited and results from different studies often seem contradictory. In general, TOrC concentrations in 

the nanograms per liter to micrograms per liter range are considered too low to serve as a sole carbon 

and energy source for bacteria, and some studies indicate co-metabolic transformation from studies 

without adaptation periods or a changing composition of organic matter (Alidina, Li, & Drewes, 2014; 

Alidina, Li, Ouf, et al., 2014; Falås et al., 2016). However, adaptation periods and threshold 

concentrations have also been reported for individual TOrCs, pointing toward metabolic utilization 

(Baumgarten et al., 2011; Richter et al., 2008). Some studies identified specific enzyme classes (e.g., 

oxygenases) as important contributors to TOrC transformation, but the identification of relevant species 

and enzymes at environmental TOrCs concentrations remains challenging as relative abundances are 

low and growth experiments with increased concentrations are not representative for involved microbial 

communities (Fenner et al., 2021). It is generally assumed that environmental conditions that include 

low concentrations of biodegradable dissolved organic carbon (BDOC) favor the establishment of 

highly diverse microbial communities, which are adapted for biotransformation of refractory carbon 

sources (Johnson, Lee, et al., 2015; Li et al., 2013). Indeed, enhanced biotransformation of certain 

TOrCs has been observed under such conditions in conventional activated sludge and managed aquifer 

systems (Falås et al., 2016; Dong Li et al., 2014). However, for other substances, improved removal in 

the presence of readily degradable carbon sources has been observed in controlled laboratory column 

studies, correlating with microbial activity as indicated by biomass or ATP analyses, oxygen depletion, 

or removal of DOC (Filter et al., 2021; Müller et al., 2019). Furthermore, several substances show 

variable biotransformation efficiencies, even in systems with no obvious difference in substrate and 

redox conditions (Hellauer et al., 2019). 

These findings indicate a highly substance-specific behavior in biological treatment systems. Previous 

studies of biotransformation of TOrCs were often limited to individual chemicals or a few chemicals 

and therefore to observing a particular, rather than generally valid, behavior. Thus, in this study we 

focused on biotransformation of a very broad selection of TOrCs with a wide range of functional 

characteristics in a well-characterized column system (Hellauer, Uhl, et al., 2018). The column system 

was designed with a first infiltration step characterized by fast degradation of biodegradable DOC 

leading to rapid depletion of dissolved oxygen and anoxic conditions followed by reaeration and a 

subsequent set of four columns operated under mostly oxic and carbon-limited conditions. Our previous 
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studies showed that some TOrCs are well transformed in the first column while biotransformation of 

others benefits from oxic and carbon-limited conditions after reaeration (Hellauer et al., 2017; Hellauer, 

Uhl, et al., 2018; Müller et al., 2017). We also complemented the continuously operated column studies 

with batch experiments using material from different columns of the biofiltration system. The purpose 

of those batch studies was twofold. First, they were conducted to directly compare the capacity of 

bacteria from different locations of the column system for TOrC biotransformation under controlled 

fully oxic redox conditions and at similar initial TOrC concentrations. Second, in the batch experiments, 

biotransformation rate constants could be determined for all compounds and conditions, including those 

compounds that were fully removed in the first columns of the biofiltration system, and for which 

biotransformation could hence not be quantified in subsequent columns.  

Overall, we aimed (i) to identify substance clusters from both experiments that shared similar behavior 

under different conditions and (ii) to test the hypothesis that substances that benefit from specific 

conditions share common characteristics with respect to their chemical structures and initial 

transformation reactions. Whereas the first question is quite relevant for engineers and the latter may 

foster our fundamental understanding of TOrC biotransformation, answers to both questions will help 

to predict biotransformation of TOrCs in biofiltration systems in the future. 

 

4.2 Methods 

4.2.1 Experimental Setup 

Experiments were conducted in a sand column system, which was previously described by Hellauer, 

Uhl, et al. (2018). In short, the system consists of two large columns (A1 and A2, height of 0.5 m, inner 

diameter of 0.14 m) filled with technical sand (0.2ī1.0 mm) and four short columns (b1īb4, 0.3 m, 0.09 

m, aquifer material: d50 = 0.8 mm, foc = 0.003%) connected in series (Figure 4.1). The effluent of 

column A2 was reaerated with compressed air to provide oxic conditions in the second column system. 

The system was continuously fed with tertiary effluent (WWTP in Garching, Germany) for more than 2 

years prior to experiments. On the basis of spike tests with potassium bromide, hydraulic retention times 

(HRTs) of 2.1 days (A1 and A2, operated at a flow rate of 60 mL/h) and 0.9 day (b1ī b4, 30 mL/h) were 

determined for individual columns, resulting in an overall HRT of 7.8 days. Feed containers were cooled 

at 4 °C, and the feedwater was replaced weekly. 
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Figure 4.1: Conceptual design of the column system. 

 

4.2.2 Selection of Trace Organic Chemicals (TOrCs) 

A list of 78 TOrCs, typically found in municipal wastewater, were selected as target compounds for 

spiking in column and batch experiments. These substances were selected to represent a broad spectrum 

of transformation reactions in biological systems (Table C.1), including pesticides, pharmaceuticals, and 

personal care products with different biodegradabilities. Two separate spike mixes were prepared in 

ultrapure water to allow different spiking levels depending on analytical sensitivity. Accordingly, spike 

mix 1 (1ī2 ɛg/L) was analyzed by the Swiss Federal Institute of Aquatic Science and Technology 

(Eawag) and spike mix 2 (0.5 ɛg/L) was measured by the German Federal Institute of Hydrology (BfG) 

with different methods. 

 

4.2.3 Batch Experiments 

For the lab-scale batch experiments, 60 g of filter material including the prevalent biofilm was collected 

from the top layer (maximum 2 cm depth) of each of the five columns (A1 and b1īb4). Each material 

was split into technical triplicates, followed by addition of the influent water of the respective column 

(1:4 ratio) and equilibration under oxic conditions for approximately 1.5 h. During the experiment, the 

batches were fully aerated (Ḑ7 mg/L O2) and continuously shaken (100 rpm). Next, both spike mixes 

were added to each batch to environmentally relevant concentrations of 0.5 and 1.0 ɛg/L. Water samples 

were collected seven times over a period of 65 h followed by immediate filtration (0.45 ɛm, regenerated 

cellulose) and storage at 4 °C until LC-MS/MS analysis. Ammonia, nitrate, and DOC were measured in 

addition to the controlling parameters pH, temperature, and oxygen concentration. In addition, a second 

experiment was performed with autoclaved material to identify abiotic removal of TOrCs. For this 

purpose, material from three of the five columns (A1, b1, and b3) was chosen with the same 
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implementations and process conditions as in the main experiment but autoclaved twice before being 

split into technical triplicates. 

 

4.2.4 Column Operation and Sampling 

Column experiments with the same spike mix were conducted after sampling for batch experiments and 

refilling of columns with the same material (see Hellauer, Uhl, et al. (2018) for details). While sand 

samples for batch experiments were taken during operation with unspiked wastewater effluent from 

Garching, feedwater was switched to effluent from the WWTP in Freising, Germany, to monitor the 

column system to avoid problems stemming from major construction on the WWTP in Garching. The 

system was equilibrated for 6 weeks with the new feedwater amended with the TOrC mix prior to the 

first sampling. To this end, 1.2 mL of the TOrC mix stock solution was continuously added per hour to 

the feedwater to achieve target concentrations of 0.5 ɛg/L (spike mix 2) and 2 ɛg/L (spike mix 1). 

Weekly measurement of flow rates gave values of 68 Ñ 1.7 mL/h (A1 and A2), 27.2 Ñ 1.4 mL/h (b1īb4), 

and 1.24 ± 0.06 mL/h (spiking solution). 

In five overlapping sampling campaigns (January 14 to February 8, 2019), samples were taken 

synoptically with HRTs (i.e., system effluent was sampled 7ī8 days after influent sampling). In addition 

to all column effluents, influent of column b1 was measured to monitor potential effects of reaeration. 

Bulk parameters nitrate, ammonia, ultraviolet absorbance at 254 nm (UVA254), DOC, and pH were 

analyzed during sampling campaigns 1, 3, and 5, whereas TOrCs were analyzed in all five campaigns. 

Samples for biological analysis (i.e., gene copy numbers) were collected from the top of the columns 

during the first and last campaigns. Dissolved oxygen was measured in situ with a Fiber Optic Oxygen 

Meter (PreSens), using non-invasive sensors for contactless measurements. The measurements of the 

oxygen concentration within the individual columns were conducted every day, shortly before the water 

samples were taken. 

 

4.2.5 Sample Preparation and Analysis 

4.2.5.1 Sum Parameter Analysis 

For the analysis of DOC, nitrate, ammonia, and UVA254, all samples were filtered (cellulosenitrate, 

0.45 ɛm, Sartorius AG). Photospectrometric measurements were acquired with a DR 6000 spectro-

photometer (HACH). Nitrate and ammonia were measured using cuvette tests (Hach; LCK 340, 339, 

304). For the analysis of DOC, samples were diluted (1:2 ratio) with ultrapure water and acidified with 

hydrochloric acid to a pH of 2. The samples were stored at 4 °C before they were analyzed using a Vario 

TOC CUBE analyzer (Elementar GmbH). 
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4.2.5.2 TOrC Analysis 

The micropollutant concentrations were determined in two different laboratories (Eawag and BfG). 

Analyses included the 78 spiked TOrCs and 21 additional TOrCs that were present in wastewater 

effluent during column studies. Samples from batch experiments were filtered through 0.4 mm syringe 

filters (MN GF-5, Macherey-Nagel) and stored at 4 °C before being shipped to both laboratories. At 

Eawag, samples from column sampling campaigns were centrifuged (20817g for 10 min), 500 ɛL of the 

supernatant was transferred to an empty HPLC vial, the internal standard solution was added, and the 

samples were stored at ī20 °C until they were measured. Aliquots for analysis at BfG were treated as 

described for batch experiments and immediately shipped. 

Chemical analysis at Eawag was performed using a liquid chromatograph coupled to a high-resolution 

mass spectrometer (Q Exactive Plus, Thermo Scientific). Details are given in Achermann, Bianco, et al. 

(2018). At the BfG, TOrC concentrations were determined by liquid chromatography (Agilent 1260 

infinity series) coupled to tandem mass spectrometry (Sciex Triple Quad 6500+) (LCMS/MS) according 

to a method described by Hermes et al. (2018). Briefly, 80 ɛL of the filtered water sample amended with 

stable isotope-labeled internal standards for compensation of matrix effects was directly injected into 

the LC-MS/MS system. Chromatographic separation of analytes was achieved by using a Zorbax Eclipse 

Plus column (2.1 mm × 150 mm, 3.5 ɛm) with a Zorbax Eclipse XDB-C8 Guard Column (2.1 mm × 

12.5 mm, 5 ɛm), both obtained from Agilent. Mass spectrometric analysis was performed with an ESI 

source operated with positive and negative ionization. Details about the gradient elution, mass 

spectrometric parameters, calibration, and quality assurance are described in Hermes et al. (2018). 

Quantification limits for both methods are given in Table C.1. 

 

4.2.5.3 Gene Copy Number Analysis 

Approximately 1 g of the frozen material was used for the extraction of DNA by using the FastDNA 

SPIN Kit for soil (MP Biomedicals, Eschwege, Germany) according the manufacturerôs instructions. 

DNA concentrations and purities were determined by microspectrophotometry (Nanophotometer P330, 

Implen, M¿nchen, Germany). Quantification of the 16S gene copy number was performed by amplifying 

the 16S gene with the primer pair of U337F (5ǋ-GAC TCC TAC GGG AGG CWG CAG-3ǋ) and U518R 

(5ǋ-GTA TTA CCG CGG CTG CTGG-3ǋ) followed by cloning, linearization, and the creation of a 

dilution series (Jaric et al., 2013). The detection limit was Ḑ1000 copies/ɛL of DNA extract. The gene 

copy numbers were normalized to the weighing of 1 g of sand. 

 

4.2.6 Data Analysis 

The obtained concentrations from the monitoring of column experiments showed only minor differences 

across campaigns S1īS5. For further data analysis, mean concentrations were calculated from all five 

campaigns. Results for individual compounds are listed in Table C.1.  
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First-order biotransformation rate constants (kbio) were estimated from the measured concentrationītime 

series in the batch experiments assuming pseudo-first-order kinetics. Firstorder rate constants were 

calculated by a censored linear regression applied to the logarithmic concentrations against time. 

Measured concentrations from batch experiments and determined rate constants are summarized in 

Table C.2-C.4. 

 

4.3 Results 

4.3.1 System Characterization 

Characteristics of the column system during operation with tertiary effluent from the WWTP in 

Garching, Germany (during sampling for batch experiments), have been described previously (Hellauer, 

Uhl, et al., 2018). Importantly, the system showed rapid depletion of dissolved oxygen leading to anoxic 

conditions in deeper layers of the first infiltration stage (columns A1 and A2). Reaeration resulted in 

oxic to partly suboxic (defined as DO < 1 mg/L and NO3-N removal <0.5 mg/L (McMahon & Chapelle, 

2008)) conditions in subsequent columns b1īb4. Major DOC removal was observed during the first 

infiltration stage, followed by significant further removal in column b1.  

During the column experiments in this study, redox conditions observed in our previous study could be 

mostly re-established (Figure 4.2a), despite operation with effluent from a different wastewater 

treatment plant, with the exception that average concentrations of 6.5 ± 0.9 mg/L NO3-N were not 

reduced in the anoxic zones of the first two columns (data not shown). After reaeration, oxic conditions 

(>1 mg/L DO) were mostly observed until after column b2 (HRT of 6 days). DOC decreased from 6.8 

± 1.1 to 4.7 ± 0.2 mg/L before reaeration and was further reduced to 3.1 ± 1.1 mg/L in the effluent of 

column b4. A more comprehensive characterization of bulk organic matter changes, including three-

dimensional fluorescence and FT-ICR-MS measure-ments, can be found in Hellauer, Uhl, et al. (2018). 

Measured influent concentrations of ammonia remained below 0.1 mg/L NH4+-N throughout the 

experiment, and the pH was stable within the system (mean of 8.3 ± 0.3). 

Results from measurements of 16S-rRNA gene copy numbers during batch experiments show declining 

biomass concentrations throughout the system (Table C.5). Gene copy numbers in sand of the first 

column (A1) sampled during column operation were lower by a factor of 2 than in sand of the same 

origin used in the batch experiments. This might be explained by earlier sampling of the sand for the 

batch experiments and subsequent replacement of the top layer, although these experiments were 

conducted >3 months before sand sampling during column experiments. However, as a consequence of 

the lower biomass in column A1, degradation in column A1 might have been lower than previously 

realized and induced migration of more bioavailable carbon and hence biomass growth in subsequent 

oxic columns, which could explain the higher biomass in columns b1īb4 during column experiments as 

compared to batch experiments. 
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4.3.2 TOrC Biotransformation in Columns  

Mean concentrations of a total of 99 spiked and nonspiked chemicals (including human metabolites) are 

illustrated in Figure 4.2b. Results demonstrate that most of the removal occurred in the initial column 

A1 followed by the first column after reaeration (b1). These results align well with other parameters 

demonstrating the highest biomass, DO depletion, and observed DOC removal in these columns. As 

expected, limited TOrC removal occurred under anoxic to suboxic conditions in the subsequent column 

A2. To some extent, the overall limited additional removal in columns b2īb4 is probably caused by the 

limited availability of oxygen under redox conditions characterized as suboxic (e.g., benzotriazole and 

diclofenac). To some extent, it might, however, also be a consequence of the fact that the well-

transformed compounds were already fully removed in the first infiltration system, and hence, their 

removal could not be observed in columns b1īb4. Mean relative concentrations were additionally 

calculated and are compared in Figure 4.2b to compensate for the contribution of individual compounds 

with high influent concentrations. However, results mainly confirm the trends observed for mean 

absolute concentrations. 

 

 

Figure 4.2: (a) Dissolved oxygen and DOC concentration throughout the column experiment. (b) Mean and mean relative 

concentrations of 99 monitored TOrCs throughout the column system. 

To assess the compound-specific behavior under different conditions, previous operationally defined 

categories of Hellauer et al. were adopted and slightly modified (Hellauer, Uhl, et al., 2018). 

Specifically, we characterize TOrCs on the basis of their behavior in columns A1 and b1 as persistent 

(<30% removal in both columns, group 1), easily removed (>80% removal in the first column, group 

2), constantly removed under all conditions (>30% in both columns, group 3), and preferably removed 

under carbon-limited conditions (<30% in A1 and >30% in b1, group 4) (Figure 4.3). An additional 

group was defined to classify TOrCs that are well removed in the first column but show no or only little 

removal in column b1 (group 5). Categorization of individual compounds is summarized in Table C.6. 

The category ñotherò in Table C.6 lists substances characterized by concentrations close to or below the 

quantification limit in the column influent or significant formation during treatment (i.e., diclofenac-
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COOH and saluamine). Results for substances also investigated in the study of Hellauer, Uhl, et al. 

(2018) confirm previous categorization except for an increased removal observed in the first infiltration 

for sulfamethoxazole (still group 3), and benzotriazole and venlafaxine (both moved from group 4 to 

group 3). This enhanced removal during the first infiltration might be explained by the change to feed 

wastewater from Freising with less bioavailable DOC, leading to a slightly prolonged oxic phase, which 

also agrees with the limited denitrification observed in this study compared to earlier measurements. 

Compounds showing efficient removal of >80% in column A1 (groups 2 and 5) were often characterized 

by concentrations close to or below their quantification limits in the column effluent, which made the 

assessment of their removal in the following columns more challenging. For 11 TOrCs, influent 

concentrations were too low to reliably calculate removal in column b1. They are listed as group 2 

compounds in Table C.6 but are not shown in Figure 4.3. In contrast to group 2 substances, group 5 

compounds were not removed in column b1, although influent levels were constantly above the 

detection limits. 

 

 

Figure 4.3: Categorization of TOrCs based on removal in columns A1 and b1 (data points at <0% were set to 0; TOrCs removed 

to concentrations below the LOQ in column b1 or columns b1īb4 are calculated as LOQ/2 and indicated as empty symbols). 
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4.3.3 TOrC Removal in Batch Experiments 

Simultaneous batch biodegradation experiments were conducted with material from columns A1 and 

b1īb4. As a negative control, batch sorption tests were carried out with autoclaved material from the 

influent area of columns A1, b1, and b3. Of the 87 substances monitored in batch tests, 24 substances 

showed significant removal (>20%) in batches with autoclaved material from columns b1 and b3, and 

nine additional substances were removed between 20% and 30% only with column b1 material. In A1 

material, only 10 compounds showed significant removal by sorption (Table C.6). A majority of the 

compounds removed in sorption experiments with autoclaved materials were compounds that are 

predominantly positively charged at neutral pH (17 of 24), indicating cation exchange is an important 

removal mechanism. The consistently higher removal in column b1 and b3 sands compared to column 

A1 sand might be related to the different cation exchange capacity of aquifer material used in columns 

b1īb4 and technical sand in columns A1 and A2. However, slight removal of the neutral but easily 

biodegradable compound caffeine by 20ī40% in sorption experiments indicates that microbial activity 

might not have been fully suppressed by autoclaving.  

Removal in sorption experiments was compound-specific and ranged from <20% for more than 60 

TOrCs to >90% for the positively charged compounds clarithromycin, citalopram, and climbazole 

within 3 days of incubation. Except for caffeine, the compounds that were removed by sorption did not 

exhibit any additional removal in batch biotransformation tests with column b1 and b3 sands, indicating 

that removal for those compounds was mainly caused by sorption. Consequently, these compounds were 

excluded from further analysis of biotransformation rate constants despite potential biotransformation 

in A1 sands. The only compound that showed removal in sorption experiments but was kept for further 

analysis is caffeine, as its degradation rates in batch biotransformation tests were much higher than the 

removal in autoclaved sorption controls. 

Pseudo-first-order biotransformation rate constants are summarized in Table 4.1. Altogether, we 

identified 27 substances that are generally rather slowly degraded, indicated by <20% removal in all 

batch experiments (group 1 compounds not shown in Table 4.1), eight substances that are particularly 

well degraded in column A1, but not in any of the other columns, and 25 additional substances for which 

rate constants could be determined in column A1 sand but also in column b1 material (15) and sand 

from columns b2īb4 (10). For 19 of those 25 TOrCs, determined ratios from rate constants in column 

b1 sand and column A1 sand are more than a factor of 2 higher than the biomass ratios of 0.13 calculated 

from 16S rRNA gene copy numbers in these two filters, indicating a higher capacity of the microbial 

community in the column b1 filter than in the column A1 filter toward biotransformation of those 

TOrCs. The highest ratios of rate constants in column b1 and A1 sand were observed for several group 

3 substances, which confirmed their enhanced removal under carbon-limited conditions observed in 

column experiments. 
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Table 4.1: Operationally Defined TOrCs Clustering from Column Experiments and Pseudo-First-Order Biotransformation Rate 

Constants from Batch Experiments (NA represents data points at which the influent concentration is lower than the LOQ) 
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4.4 Discussion 

4.4.1 TOrC Biotransformation: Comparison of Column and Batch Results 

In column experiments, compounds that are removed well in activated sludge systems also showed good 

removal in column A1 (groups 2 and 5), while TOrCs known as being hard to remove in activated sludge 

were only partially removed (group 3) or persistent (group 4) in column A1. Transformation of the latter 

two groups, however, was found to strongly benefit from the oxic yet carbon-limited conditions in 

columns b1īb4 (after reaeration). 

These findings from the column experiments were only partially confirmed by the results from the batch 

experiments. Agreement was observed for substances characterized as persistent in column experiments 

(group 1), which were also not significantly biotransformed in batch experiments (Table C.6). These 

include typical wastewater-derived substances such as carbamazepine, lamotrigine, diatrizoate, and 

oxypurinol, which are known for their high persistence in biological treatment (Hermes et al., 2019), 

but also several pesticides and veterinary medicines. For the biotransformed compounds in groups 2ī5, 

biotransformation rate constants from batch experiments with sands from column A1 correlated 

generally well with removal in column A1 (Table 4.1 and Figure 4.4a). The highest rate constants were 

observed for group 2 and group 5 TOrCs, while group 3 substances, which exhibit only partial removal 

in column A1, also mostly showed moderate rate constants in the respective sand. The high persistence 

of group 4 substances in column A1 was also confirmed in batch experiments.  

In contrast, comparison of biotransformation rate constants in sand from column b1 with observed 

removal in column b1 (Figure 4.4b) did not correlate well. In particular, no biotransformation was 

observed for group 4 compounds in the batch experiments with column b1 sands, although partly 

efficient removal in the corresponding column after reaeration (b1) was observed in column 

experiments. A number of reasons might explain this discrepancy. First, the material sampled from the 

top layer of column b1 might not be representative of the processes in the entire column. Second, bacteria 

adapted to carbon-limited conditions might be less active in batch experiments in which steady-state 

conditions cannot be maintained. Finally, adaptation might also play a role because bacteria in batch 

experiments were not pre-exposed to spiked TOrCs. Notably, most substances from group 4 are 

pesticides (Table 4.1), which are not abundant in the wastewater used as feed but were spiked 

continuously into the column system both during acclimation and the experimental period. However, 

there is also some evidence contradicting adaptation as a possible explanation, in that some of the 

pesticides, such as terbutryn and fenhexamid, were not contained in the spike mix but still showed the 

same pattern as the other compounds in group 4. In contrast, most compounds from group 5 (i.e., DEET, 

pregabalin, caffeine, and saccharin) showed considerable rate constants in the batch with column b1 

sand but only limited biotransformation in column b1 (Figure 4.4b). One main difference between the 

two systems is the low influent concentrations in column b1 for those substances relative to the spike 
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concentration in the batch experiments. However, we currently cannot explain through which 

mechanisms this might lead to lower observed biotransformation rate constants in the columns. 

In addition to complementing the results from column experiments, batch tests also provided 

information about the biotransformation capacity of bacteria in columns b1īb4 for easily degradable 

compounds that were below the limit of quantification in influents to columns b1īb4. They confirmed 

that bacteria in column b1 were able to biotransform 15 of 18 group 2 substances. Only nine of those 

substances showed further transformation in sands from the subsequent columns b2īb4, including, for 

example, paracetamol, ibuprofen, and naproxen, which are efficiently removed in most column and field 

studies (Filter et al., 2021). Interestingly, the three sulfonamides, sulfamethoxazole, sulfadiazine, and 

sulfapyridine, were not transformed in batch experiments with sand from column b1, although they were 

well removed in column experiments. Transformation of sulfonamides is likely initiated by pterin 

conjugation and hence related to biomass growth (Achermann, Bianco, et al., 2018). Less bacterial 

growth is expected in batch experiments in which resources are depleted over time relative to the steady-

state situation in column experiments, which might explain the observed difference. 

 

 

Figure 4.4: Comparison of biotransformation rate constants in batch experiments with percent removal in columns for (a) 

column A1 and (b) column b1 (different colors represent groups from Figure 3; several group 2 CECs are not shown for column 

b1, because the percent removal in the column could not be determined). 

 

4.4.2 Identification of Common Characteristics between Different Groups 

Expected initial transformation reactions for different TOrCs were determined on the basis of literature 

data and compared with prioritized reactions predicted from Eawag-PPS using relative reasoning (Table 

4.1) (Wicker et al., 2015). If no reported reactions were available from the literature, rules of predicted 

reactions from PPS were used to suggest plausible enzymatic transformations (see Table C.7 for details). 

For many of the group 2 and group 5 TOrCs, which are efficiently removed in column A1 under carbon-

rich conditions, generally fast initial reactions have been suggested in the literature, which can probably 

be catalyzed by different bacteria and hence occur over a wide range of conditions. This includes, for 
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example, the oxidation of alcohols (e.g., iopromide), which has been confirmed to be fast in batch 

experiments with column b1 sands, and the hydrolysis of esters and primary and secondary amides (e.g., 

paracetamol and rufinamid). 

Still, this would not explain the comparably low biotransformation observed for group 5 compounds in 

column b1. We speculate that for those compounds, compound-specific adaptation processes, which 

would not be supported by low influent concentrations in column b1, might have played a role in A1. 

This would be consistent with, e.g., previous reports of slow adaptation of bacterial communities to 

acesulfame (Kahl et al., 2018). Also, in a previous study, transformation of acesulfame, saccharin, and 

DEET was observed in biofilms present downstream of a WWTP outfall, but not upstream of the WWTP 

(Desiante et al., 2021), suggesting that high concentrations of these compounds had led to adaptation of 

either the activated sludge communities or the river biofilm communities to those compounds. In line 

with these observations, one could also speculate that adapted microorganisms present in the wastewater 

treatment plant effluent used as feedwater had directly inoculated A1 while they were filtered out prior 

to reaching column b1. 

Transformation of group 3 and group 4 compounds was generally enhanced in column b1 under oxic 

and carbon-limited conditions. On the basis of literature data, the removal of group 3 TOrCs is mostly 

characterized by rather slow oxidative reactions such as O- and N-dealkylation or hydroxylation of 

aromatic rings. For N-dealkylation, which was observed in groups 2ī5, Gulde et al. (2016) had shown 

that this reaction is generally faster for tertiary amines than for primary and secondary amines. 

Consistently, from the group of compounds most likely transformed by N-dealkylation, the tertiary 

amines valsartan, DEET, and caffeine all fell into the class of easily transformed compounds of groups 

2 and 5 (>80% removal in the first column) while most of the primary and secondary amines were found 

in group 3 or 4. The two exceptions, i.e., the primary amines gabapentin and pregabalin that fell into 

groups 2 and 5, might be explained by the fact that both compounds are also known to be transformed 

by reactions other than N-dealkylation, in particular by amidation to their corresponding lactam-TPs 

(Henning et al., 2018).  

With respect to their initial transformation reactions, group 4 substances were considerably different 

from those of the other groups characterized by (at least partial) biotransformation in column A1 (Figure 

4.5). This suggests that the carbon-limited conditions trigger the activation of additional classes of 

enzymes that catalyze reactions such as the oxidation of sulfur groups (terbutryn), oxidation of phenol 

groups (e.g., CBZ-3-OH), and the cleavage of CīCl and CīO bonds through substitution with 

glutathione (e.g., alachlor, metolachlor, flufenacet, and dimethenamid). It is interesting to note that these 

reactions were not observed in batch experiments with column b1 sands. Because sands for batch 

experiments had not been pre-exposed to the respective TOrCs but column experiments were spiked for 

several weeks prior to sampling, adaptation to these substances in the column studies cannot be fully 

excluded as an explanation (see the indicated occurrence in Table 4.1). This would, however, raise the 
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question of why a similar adaptation was not observed in column A1. An alternative explanation could 

be the difference between the growth status of the bacterial communities in the column system and batch 

conditions. Glutathione, which is likely involved in acetanilide transformation through the action of 

glutathione transferase (Achermann, Falås, et al., 2018; Singh & Singh, 2016), is also an integral part of 

the oxidative stress response of bacterial cells. It is therefore generally abundant when cells oxidatively 

grow on carbon resources. Similarly, as discussed before, sulfonamide transformation is most likely 

intimately related to cell growth. Hence, at least for these two substance classes, the difference between 

column and batch experiments for column b1 could also be explained by superior growth conditions in 

steady-state column experiments compared to batch experiments with a continuous depletion of 

resources. 

 

 

Figure 4.5: Expected initial reactions in different groups (data from Table 4.1). 

 

4.5 Conclusions 

Our results confirm previous studies that emphasize the benefit of a sequence of different substrate 

conditions for biotransformation of TOrCs in biological systems for a broad selection of chemicals. 

While efficient removal in carbon-rich environments with high biomass density was observed for 23 of 

the biotransformed substances, 19 TOrCs were better (8) or exclusively (11) removed under carbon-

limited conditions in a subsequent column system after reaeration. 

For compounds removed under carbon-rich conditions, literature-reported or expected transformation 

reactions were dominated by enzymatically readily catalyzed reactions such as the oxidation of alcohols 

or amide hydrolysis, but N-dealkylation of tertiary amine groups was also reported for some of those 

substances. Compounds that showed better removal under oligotrophic conditions often had similar 

literature-reported or expected reactions, typically known to proceed more slowly, such as the N-
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dealkylation of primary and secondary amines or hydroxylation of aromatic rings. There were also a 

number of compounds exclusively removed under oligotrophic conditions, which again coincided with 

a set of specific literature-reported reactions (e.g., cleavage of CīCl and CīO bonds through substitution 

with glutathione and phenol oxidation) that were not predicted for any compounds outside of this group. 

These results, overall, indicate that carbon-limited conditions indeed trigger the establishment of 

alternative metabolic pathways.  

The link of system-specific TOrC removal with expected initial transformation reactions from the 

literature and pathway prediction systems can serve as a starting point to identify key enzymes for the 

biotransformation of TOrCs, especially for those compounds that are removed only under certain 

conditions. On the basis of this information, metagenomic or metatranscriptomic analyses might be used 

to analyze microbial communities in biological treatment systems with respect to their capacity to 

remove specific chemicals. 
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Abstract 

This study was performed to investigate the impact of a biofiltration system mimicking sequential 

aquifer recharge on both the biotransformation potential of micropollutants (MPs) as well as the 

biodiversity and composition of the microbial community. The biofiltration system consisted of series 

of five columns with intermediate re-aeration to realize oxic and carbon-limiting conditions in the rear 

columns. In order to compare the intrinsic biotransformation potential of the filter materials from the 

columns under comparable redox conditions batch experiments were carried out with material from the 

top layer of columns. The biotransformation potential was investigated by determining biomass 

normalized biotransformation rate constant (kbio) values for a broad selection of 42 MPs. In addition, the 

microbial composition (taxonomy) for all columns and their active functional profile 

(metatranscriptome) for the first two columns was analyzed using next-generation sequencing. 

The results revealed that for several MPs like sulfathiazole, sulfamethoxazole or rufinamide the 

increased carbon-limitation in the rear columns led to an improved biotransformation potential. In 

contrast to previous reports, the taxonomy analysis showed a decreasing trend of biodiversity within the 

column cascade. The top layer of the rear carbon-limiting columns of the system had a more similar 

microbial community which were dominated by the genus Pseudomonas (5.6-8.5%). Positive and 

significant correlations between certain bacterial genera and MPs preferentially degraded under carbon-

limited conditions could be identified. A general positive influence of lower carbon availability on 

biotransformation of MPs was also supported by metatranscriptome analysis pointing to an enhanced 

expression of genes involved in xenobiotic biotransformation in the top layer from the second compared 

to the first column. 

 

5.1 Introduction 

Even today, the availability of fresh water is a global problem and many cities depend on underground 

aquifers as their primary water source. The existing aquifers, especially in Asia and North America, are 

being depleted of water faster than they are being replenished (Gleeson et al., 2012). Thatôs why it is 

important to address and solve the problem of limited water as well as to increase water supply and 

quality. One form of water resource management is Managed Aquifer Recharge (MAR), which is the 

purposeful recharge of groundwater for recovery or environmental benefit (Dillon & Arshad, 2016). 

There are many types of MAR, each with different water inflows, collection capacity, and water quality 

concerns (Dillon et al., 2009). A general concern of this technique is the water quality in form of 

nitrogen, iron, sulfur, trace metals, and micropollutants (MPs) of the recharged water, where some 

countries, such as France, do not allow treated wastewater to be used for recharge due to concerns of 

aquifer contamination (Casanova et al., 2016). Therefore, it is important to investigate options to 

optimize MAR systems with regard to the removal of MPs. To exploit the full potential of 

biotransformation as one of the main removal mechanisms, it is crucial to understand the microbial 



Chapter 5: Taxonomic and metagenomic analysis in Biofiltration Systems 

- 88 - 

 

biotransformation processes and investigate the prevailing microbial community and their genetic 

potential. So far, only a few studies investigated relationships between microbial communities and 

microbial transformation of MPs in MAR systems (Alidina, Li, & Drewes, 2014; Alidina, Li, Ouf, et 

al., 2014; Li et al., 2012). Some results support the hypothesis that low concentrations of biodegradable 

dissolved organic carbon (BDOC) and oxic conditions favor the establishment of a highly diverse 

microbial community and, lead to an improved biotransformation of certain MPs (Falås et al., 2016; 

Hellauer et al., 2017; Hellauer, Uhl, et al., 2018; Dong Li et al., 2014; Müller et al., 2017). 

In the previous study of this thesis the biotransformation of a broad selection of MPs were investigated 

in well-characterized sequential column system with intermediate re-aeration to realize oxic and carbon-

limiting conditions in the rear columns (Hübner et al., 2021). The MP biotransformation capacity of the 

different columns was determined and linked to the biotransformation potential of the material from the 

top layer of the different columns incubated in batch experiments under the same oxic conditions. In 

fact, 19 MPs were better (8) or exclusively (11) removed under carbon-limiting conditions, while 23 

MPs showed an efficient removal in carbon-rich environments. The study also indicated a relationship 

between the biotransformation behavior of the compounds in the different columns and the predicted 

primary (enzymatic) transformation reactions. Therefore, it was assumed that differences between the 

columns regarding the biotransformation of MPs are also reflected by distinct differences in the 

microbial composition and genetic potential.  

Based on this hypothesis the aim of this follow-up study was to link the MP biotransformation with the 

prevailing microbial composition as well as the genetic activity. The microbial composition (taxonomy) 

and their active functional profile (metatranscriptome) was investigated using next-generation 

sequencing techniques. For the results, the biodiversity as well as the general composition up to genera 

level were analyzed and compared with the process and nutrient conditions in the columns. Further, a 

statistical link was performed between biomass-normalized MP kbio values, microbial composition and 

operational conditions. The last part of this study compared the first two columns also on a 

metatranscriptomic level to investigate which genes of known pathways, including MP degrading 

pathways, showed a higher activity and whether this is consistent with observed differences in MP 

biotransformation. 

 

5.2 Material and methods 

5.2.1 System 

The system, which simulated the SMART principle is already described by Hellauer, Uhl, et al. (2018) 

and in the fourth part of this thesis (chapter 4.2.1, Figure 4.1). In short, the system consisted of two large 

columns (A1, A2; HRT 2.1 d) filled with technical sand and four short columns (b1-b4; HRT 0.9 d) 

connected in series. The effluent of the second column (A2) was reaerated with pressured air to provide 
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oxic conditions in the second system compartment (columns b1-b4), which is characterized by 

decreasing substrate availability under mostly oxic and carbon-limited conditions. The system was 

continuously fed with tertiary effluent (WWTP Garching, Germany) for more than two years prior to 

experiments. 

 

5.2.2 Batch experiments 

The batch experiments were detailly described in the fourth part of this thesis (chapter 4.2.3). Briefly, 

from the top layer 60 g of column material was collected of each of the five columns (A1, b1-b4). After 

splitting the material into technical triplicates, the influent water of the respective column was added 

(1:4 ratio). The experiment was conducted under constant conditions (fully aerated and continuously 

shaken) with water sampling for seven times over a period of 65 h. At the end the remaining water was 

discharged. Next, the filter materials were collected, directly frozen with liquid nitrogen and stored at -

80 °C until nucleic acid extraction. 

 

5.2.3 Micropollutant analysis 

MP concentrations were measured via LC-MS/MS in two different laboratories as already described 

(chapter 4.2.5.2). Further, first-order kbio were calculated by a censored linear regression applied to the 

logarithmic concentrations against time. Because of the different biomass in the columns the real 

biotransformation does not corresponded to the real conditions. Only by normalizing kbio values can a 

comparison be made between the columns. Therefore, the kbio values were normalized using the gene 

copy numbers as biomass indicator. The detailed description of the gene copy number analysis can be 

found in chapter 4.2.5.3. 

 

5.2.4 Nucleic acid extraction, sequencing and data processing 

The sand filter material collected from the batch experiments was used to extract DNA for the taxonomic 

analysis by 16S rRNA amplicon sequencing and to extract RNA for metatranscriptomic analysis by 

whole genome shotgun sequencing. Approx. 5 g of the frozen material were used for a co-extraction of 

DNA and RNA by using the RNeasy PowerSoil Total RNA Kit in combination with the RNeasy 

PowerSoil DNA Elution Kit (Qiagen, Hilden, Germany) according to the manufacturerôs instructions. 

Quality and amount of the extracted DNA was determined using a nanodrop (NanoPhotometer P330, 

Implen). 

 
16S rRNA analysis 

16S rRNA gene amplification, library preparation and sequencing were performed by IMGM 

Laboratories GmbH (Planegg, Germany). In short, the primer pair 341F (5'- CCT ACG GGN GGC 

WGC AG -3') and 805R (5'- GAC TAC HVG GGT ATC TAA TCC -3') for the V3-V4 hypervariable 
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region was used for amplification of the 16S gene. Next, the purified PCR products were normalized to 

equimolar concentration with the SequalPrep Normalization Plate Kit (Thermo Fisher Scientific) and 

the DNA library was sequenced on the Illumina MiSeq next-generation sequencing system (Illumina 

Inc.) in paired end mode with 2 x 250 bp. 

The resulted paired-end reads were quality-checked with SolexaQA software (Cox et al., 2010). Next, 

amplicon sequences were aligned in a pairwise manner at ~99% identity to the longest sequence per 

cluster using the Mothur v1.40.5 software (Schloss et al., 2009) according to the MiSeq SOP (Kozich et 

al., 2013), thus, assuming an ~1% sequencing error rate. Further, sequence screening for sequencing 

errors and PCR-introduced chimeras, alignment to reference databases, and generation of operational 

taxonomic unit (OTU) matrices was performed as follows. Sequences were filtered by removing 

sequences with ambiguous base calls and homopolymers longer than 8 nt, and then aligned using the 

Silva v132 16S rRNA gene reference alignment database (Quast et al., 2012). Subsequently, the 

VSEARCH algorithm (Rognes et al., 2016) was used for checking and removing chimeric sequences. 

A further step of classification, using the naive Bayesian classifier as implemented in Mothur, was 

performed for identifying and further removing sequences classified in non-target taxa (unknown, 

eukaryotic, chloroplasts and mitochondria). Sequences were clustered in OTUs with USEARCH at a 

threshold of 97% sequence identity and classified using Silva v132 taxonomy. The biodiversity indices 

were calculated in the PAST program using the relative abundances on OTU level (Hammer et al., 

2001). 

 

Metatranscriptomics 

Metatranscriptome sequencing was also performed by IMGM Laboratories GmbH (Planegg, Germany). 

In brief, the extracted RNA samples were analyzed on a 2100 Bioanalyzer (Agilent Technologies) using 

RNA 6000 Pico / Nano LabChip Kits (Agilent Technologies) to check quality and quantity. In the 

following, metatranscriptome libraries were generated with the TruSeq Stranded total RNA HT Kit 

(Illumina) after rRNA depletion using the Ribominus Transcriptome Isolation Kit - Yeast and Bacteria 

(Thermo Fisher Scientific). Sequence data were generated on an Illumina NovaSeq 6000 next-

generation sequencing system in paired end mode with 2 x 150 bp. 

Quality control of the de-multiplexed FASTQ raw files was performed by FastQC version 0.11.8 

(Andrews, 2010). The further analysis was done using the CLC Genomics Workbench version 12.02 

(Qiagen) and the implemented Microbial Genomics Module version 4.5 (Qiagen). In detail, de novo 

assembly was conducted using the Trinity pipeline (v2.8.4) developed by the Broad Institute and the 

Hebrew University of Jerusalem (Grabherr et al., 2011). Prior to de novo assembly the number of reads 

was sampled randomly to 20 million read pairs for those samples which exceed this number of reads. 

Next, MetaGeneMark plugin version 2.0 (Gene Probe Inc.) was used for the identification of coding 

DNA sequences (CDS). The BLAST annotation of the CDS was performed against the non-redundant 
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SwissProt database (downloaded at 18.07.2019) to assign sequences to proteins (Consortium, 2019). In 

addition, Kyoto Encyclopaedia of Genes and Genomes (KEGG) Automatic Annotation Server were 

used to annotate protein sequences by BLAST comparisons against the manually curated KEGG 

GENES database (Moriya et al., 2007). The resulted KO (KEGG Orthology) numbers were assigned to 

the different KEGG pathways and normalized to the sum of all KO numbers for each sample. 

 

Statistics 

Principal component analysis (PCA) and visualization was done in R using the package factoextra 

(Kassambara & Mundt, 2017; R Core Team, 2013). Significant test calculation as well as canonical 

correspondence analysis (CCA) and their visualization were performed using R and the vegan package 

(Dixon, 2003; R Core Team, 2013). Correlation of the genus abundances against the normalized MP kbio 

was done in R using the WGCNA package (Langfelder & Horvath, 2008; R Core Team, 2013). 

 

5.3 Results and discussion 

5.3.1 Micropollutant removal 

To investigate the biotransformation potential of 42 MPs in the top layer of the five different columns 

(A1, b1, b2, b3, b4) of the system under similar conditions, laboratory-scale batch experiments were 

performed in triplicate and pseudo-first order kbio were calculated for each MP (Table 5.1). In contrast 

to the results presented in Hübner et al. (2021) (see chapter 4), the kbio values were normalized with gene 

copy numbers to allow i) for a comparison of the intrinsic transformation capability of the different 

column top layers independently from the bacterial biomass and ii) for investigating relationships with 

the relative abundances of certain bacterial taxa (see chapter 5.3.3). The analyzed columns differed in 

material, oxygen availability and BDOC load. Column A1 was filled with technical sand and was 

characterized by high redox conditions and a high BDOC content (Hellauer, Uhl, et al., 2018; Hübner 

et al., 2021). In contrast, the columns b1-b4 contained successively lower oxygen concentration and 

BDOC availability (increased oligotrophic conditions), which was associated with a decreasing biomass 

in the course of the cascade (Hübner et al., 2021). 

As shown in Table 5.1, highest normalized kbio values in batch experiments with material from column 

A1 were only observed for paracetamol and acesulfame. Hence, in contrast to the majority of MPs, the 

conditions in the top layer of A1 (high BDOC and redox potential) seems to be favorable for these two 

compounds. The results indicate that the high removal of both acesulfame and paracetamol in column 

A1 (>80%) observed by Hübner et al. (2021) was not only caused by the considerably higher biomass 

(34 times higher on average compared to the other columns) but also by a higher abundance of certain 

taxa and/or enzymes involved in their biotransformation. This is in accordance to the fact that so far, all 

species confirmed to be capable in transforming acesulfame were from the same bacterial order of 

Hyphomicrobiales and that the primary transformation reaction is catalyzed by a rather specific 
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metallohydrolase (Castronovo et al., 2023). In line with this, the genera Bauldia, Mesorhizobium and 

Pseudorhodoplanes, which belong to the order of Hyphomicrobiales had the highest relative abundance 

in column A1. 

For 18 MPs the highest biotransformation potential was observed in the batch experiments with material 

from column b1, while considerably lower normalized kbio values were observed with the materials from 

the other columns. For half of these MPs the highest removal were not observed in column b1 but in A1 

(Hübner et al., 2021). Hence, for these compounds the higher biomass in A1 probably outweighed the 

lower general microbial biotransformation potential in the top-layer of A1 compared to b1. However, 

the other half of the 18 compounds confirmed the observations of Hübner et al. (2021), and were found 

to be removed to the highest extent in column b1. Three of these MPs, mecoprop, benzotriazole and 

acetamiprid, additionally showed a particular biotransformation behavior in contrast to the other 18 

compounds, as they exhibited both the highest normalized as well as absolute kbio values (Hübner et al., 

2021) in column b1. Hence, the proportion and/or metabolic activity of organisms involved in the 

transformation of these three compounds was probably considerably higher in b1. This means that, as 

discussed above for the preferential transformation of acesulfame and paracetamol in A1, most likely 

mecoprop, benzotriazole and acetamiprid were transformed by certain organisms finding favorable 

conditions in b1 (reduced BDOC, oxic conditions). For the 18 MPs showing highest normalized kbio in 

column 1, no clear association between the known primary transformation reaction and the normalized 

kbio values could be observed. They have been reported to be transformed by different primary reactions. 

Among them are oxidative reactions such as N-dealkylation of compounds like DEET and furosemide 

(Damian E. Helbling et al., 2010; Zhe Li et al., 2014) and hydroxylation of aliphatic side chains and 

aromatic rings of compounds like ibuprofen, benzotriazole and ketoprofen (Huntscha et al., 2014; 

Quintana et al., 2005) but also hydrolytic reactions such as the amide hydrolysis of compounds like 

levetiracetam and bezafibrate (Damian E. Helbling et al., 2010; Lahti & Oikari, 2011) and nitrile 

hydrolysis of acetamiprid (Achermann, Falås, et al., 2018). 

For 21 MPs, the highest normalized kbio values were detected in batch experiments with material from 

columns b2-b4 (Table 5.1) confirming the high general potential of the highly carbon-limiting conditions 

for MP removal. Consistently, for the majority of these compounds also a higher removal in the rear 

columns b1-b4 compared to the first column A1 was observed (Hübner et al., 2021). However, except 

for dimefuron and metolachlor absolute kbio values were lower in batch experiments with material from 

b2, b3 and b4 compared to A1 and additional removal in the columns b2-b4 was limited. Hence, the 

very low biomass in the last three columns b2-b4 (on average 45 times lower than in the material of 

column A1) probably outweighed the higher general transformation potential in these columns. But for 

some compounds such as the sulfonamides (sulfamethoxazole, sulfathiazole, sulfadiazine), the 

carbamazepine metabolites 2-OH and 3-OH-carbamazepine and the pesticides dimethenamid, 

terbuthylazine, dimefuron and metolachlor, absolute kbio values were comparable or even higher in batch 
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experiments with material from columns b2, b3 or b4 compared to b1. This indicates comparable 

absolute abundances of organisms/enzymes involved in the primary transformation of these compounds 

and considerably higher proportions of degrading organisms/enzymes in the total biomass of column 

b2-b4 in comparison to b1. Interestingly, these compounds are all known to be transformed by rather 

specific primary reactions such as the pterin conjugation of the sulfonamides (Achermann, Bianco, et 

al., 2018). Furthermore, for the compounds caffeine, rufinamide, and sulfathiazole, a continuous 

increase in the normalized kbio values was observed for the materials from columns A1, b1, b2, b3 and 

b4 also indicating an association between nutrient conditions and the relative proportion of 

organisms/enzymes involved in their transformation. For rufinamide this are also in accordance with 

results from Achermann, Falås, et al. (2018) who observed a strong positive correlation with sludge 

retention time. This was explained by the dependency of the hydrolysis of the sterically hindered primary 

amide group of rufinamide on rather specific enzymes. 
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Table 5.1: Normalized biotransformation rate constants [g/(d-1 GCN-1)] of the analyzed MPs and biomass factors in the 

different columns A1, b1, b2, b3, b4 of the system. The MPs are sorted in descending order of the maximum values in the 

respective column. Statistical parameters can be found in Table D.1 
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5.3.2 Taxonomic analysis 

Biodiversity 

As indicators for alpha-biodiversity the species richness and the Shannon index were calculated for the 

top layers of the different columns based on OTU level (Table 5.2). The results showed that the top layer 

of column A1 had the highest values of species richness (2519) in comparison to the other investigated 

columns. In the top layers of the subsequent columns of the system (b1-b4), the species richness was 

reduced reaching the lowest species richness in column b4 (862). Analogous to the species richness, the 

Shannon index, which additionally includes the abundance of single taxa, also showed its highest value 

in the top layer of column A1 (6.7) and the lowest value in b4 (5.6). In general, the order of magnitude 

of the Shannon index values (5.6 - 6.7) was comparable to other investigations of filter columns (Li et 

al., 2013; Li et al., 2012; Palomo et al., 2016; Zhang et al., 2018). However, for both biodiversity 

indicators the differences between the first column A1 and all other columns as well as between b1 and 

b4 as well as b3 and b4 were statistically significant (Mann-Whitney U test, p < 0.05). Interestingly, this 

finding is contrary to other studies revealing an increase of the microbial diversity with decreasing 

biological dissolved organic carbon (BDOC) concentration (Alidina, Li, & Drewes, 2014; Li et al., 

2012). This could be an indication that also other factors then the BDOC availability influence the 

biodiversity (Dong Li et al., 2014). However, it should also be noted that the results might not be 

representative for the whole columns as only the top layers could be sampled and analyzed. 

 

Table 5.2: Species richness and Shannon index as indicators for the alpha-biodiversity in the different columns of the system 
 

A1 b1 b2 b3 b4 

Species 

richness 
2519 ± 303 1477 ± 70 1188 ± 55 1238 ± 24 862 ± 132 

Shannon  

index 
6.66 ± 0.07 5.87 ± 0.03 5.82 ± 0.07 5.88 ± 0.03 5.56 ± 0.10 

 

General description and characterization of the microbial communities 

Investigating the microbial community composition of the columns the dominating bacterial phyla could 

be assigned to Proteobacteria (28-52%), Bacteriodetes (3-27%) and Acidobacteria (5-15%) as displayed 

in Figure 5.1. Across the sequential column system, a continuous increase of the relative abundance 

could be observed for the phyla Acidobacteria (by 10%) and Proteobacteria (by 24%). Among the latter, 

especially the classes Alpha- (by 9%) and Gammaproteobacteria (by 19%) showed a high increase. In 

contrast, the phyla Bacteriodetes (by 24%), Chloroflexi (by 4%) and Patescibacteria (by 4%) showed a 

constant decrease of the relative abundance from column A1 to b4, which was consistent with previous 

studies (Hellauer, Uhl, et al., 2018; Li et al., 2013). 
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Figure 5.1: Bar plots visualize the bacterial composition on phylum and class (for Proteobacteria) level in the top layers of the 

different columns. 

 

Similarities and differences in the microbial community of the different columns were visualized by a 

PCA on genus level (Figure 5.2). Clear differences in the microbial community between the column 

A1, b1 and the remaining columns b2, b3 and b4 could be observed based on the position of the 

replicates. The last three columns in the system (b2, b3 and b4) cluster together at the opposite right side 

of the PCA compared to the columns A1 and b1, confirming the close similarity of their microbial 

communities. The blue arrows in the PCA plot symbolize the top 25 genera contributing to the variation 

in microbial community composition of the corresponding columns. The arrow lengths provide a relative 

indication of the strength and polarity of the associations. Hence, it can be assumed that these genera 

were also the most dominant taxa with the highest relative abundances in these columns. Highly 

abundant bacteria with quite different physiological properties like anaerobic (UTCFX1), aerobic 

(Terrimonas) or chemolithotrophic (KCM-B-112) metabolisms (Board, 2015; Hamamura et al., 2005; 

Zhang et al., 2022) were representative for the column A1, which clustered in the lower left segment of 

the PCA plot. Column b1 is separated from the other columns in the upper left corner and is characterized 

by high abundances of the genera NRL2_ge (4.6%) and Vermiphilaceae_ge (4.2%). The genus 

Vermiphilaceae_ge belongs to Dependentiae, which is a poorly documented phylum but where members 

were often found in various environments (Weisse et al., 2023). The similar microbial community in the 

columns b2, b3 and b4 was characterized by highly abundant aerobic genera like Pseudomonas (most 

dominant taxa with relative abundance of 5.6-8.5%), Nitrospira or Acidovorax. The BDOC in these 

columns has been described to be rather low (Hübner et al., 2021) and the high proportion of 

Pseudomonas is thus consistent with other studies reporting a dominance of this genera in oligotrophic 
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ecosystems (Dalahmeh et al., 2014; Wan et al., 2019; Zhu et al., 2012). Moreover, also the ammonia 

oxidizing Nitrospira were found as an abundant taxa in both oligotrophic and copiotrophic environments 

(Li et al., 2023) and in diverse groundwater-fed rapid sand filter communities (Fowler et al., 2018). The 

high abundance of Acidovorax also fits with the results from Vandermaesen et al. (2017), where 

culturable bacteria were isolated and identified from rapid sand filters of drinking water treatment plants. 

Overall, the cluster consisting of column b2, b3 and b4 showed the most abundant genera from the 

phylum Acidobacteria (Subgroup 2, Subgroup 6, Subgroup 22) and the class Gammaproteobacteria 

(MND1, Dechloromonas, Acidovorax, Pseudomonas, TRA3-20). This is consistent with Kielak et al. 

(2016) assuming that some Acidobacteria prefer oligotrophic conditions and are K-strategists because 

of their negative correlation with organic carbon and low growth rates. 

 

 

Figure 5.2: Principal component analysis (PCA) biplot of the microbial community in the different columns of the system on 

genus level. Blue arrows indicating the contribution of the top 25 genera to community differences. Dimensions (Dim) 1 and 

2 accounted for 59% and 15% of variance, respectively. 
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5.3.3 Comparison of the microbial composition with micropollutant 

biotransformation  

After a detailed description of the MP biotransformation potential of the column system in chapter 5.3.1 

and a characterization of the prevailing microbial communities in the previous section, the next step was 

to identify genera as indicators for specific process conditions as well as for an enhanced transformation 

potential for specific MPs. The existence of a statistically significant correlation between the normalized 

kbio values and the relative abundances of the genera was confirmed by a Mantel test (R = 0.88; p = 

0.025). A PCA of the normalized kbio values (Figure 5.3) showed a similar distribution of the columns 

compared to the PCA of the microbial communities (Figure 5.2), with columns A1 and b1 in separate 

quadrants on the left. Furthermore, the rear columns b2, b3 and b4 were grouped together and are located 

on the right side of the PCA.  

Comparing the compounds and taxa contributing most to the distribution of the columns in both PCAs 

confirmed that the high biotransformation potential of the MPs paracetamol and acesulfame 

corresponded to high relative abundances of seven genera in column A1, three of which 

(Bacteroidia_uncl., Terrimonas and env.OPS_17_ge) belong to the class Bacteroidia. For the rear 

columns b2, b3 and b4, a strong association was found for 12 genera and nine MPs (e.g. sulfathiazole, 

rufinamide, sulfamethoxazole). These genera mainly belonged to the class Gammaproteobacteria (six 

genera) and Acidobacteria (four genera). In contrast to the Proteobacteria class, information from the 

literature on relationship between the phylum Acidobacteria and MP removal is scare. One reason for 

this could be that the phylum is not well studied, with the first genomes being sequenced in 2009 (Kielak 

et al., 2016). References could only be found for ibuprofen and carbon degrading members (de Chaves 

et al., 2019; Rutere et al., 2020). As mentioned above, half of the genera detected could be assigned to 

the class Gammaproteobacteria, including the highly dominant genus Pseudomonas (chapter 3.2). In 

addition, two nitrifying bacteria belonging to the family Nitrosomonadaceae were detected, as well as 

the genus Nitrospira, whose members were capable of perform complete nitrification (Kits et al., 2017). 

This confirms studies that have identified nitrification as an important process in oligotrophic 

environments (Yang et al., 2020). However, the direct contribution of nitrifying bacteria to MP removal 

is still controversially discussed (Helbling, Johnson, et al., 2012; Su et al., 2021). Of the nine MPs that 

contributed most to the distribution of the rear columns b2-b4 in the PCA (Figure 5.3), three 

(sulfamethoxazole, sulfathiazole, 3-OH-carbamazepine) even showed comparable or even higher 

absolute kbio values in b2-b4 compared to b1 (see chapter 5.3.1). For the nine MPs showing a strong 

association in the rear columns b2, b3 and b4, a Pearson product-moment correlation followed by p-

value adjustment with the relative abundance of bacterial genera was conducted (Figure D.1). The results 

showed that for three genera (Subgroup 6, Subgroup 22, SWB02) significant positive correlations could 

be observed for the MPs caffeine, rufinamide, sulfamethoxazole and sulfathiazole. For these compounds 

also a characteristic increase of the normalized kbio values in the sequential columns was identified (see 
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chapter 5.3.1). In addition, for the two structurally similar MPs sulfamethoxazole and sulfathiazole 

significant positive correlations were identified for seven genera. This also includes four genera 

belonging to the genera contributing most to community differences and showed increasing relative 

abundances in columns A1-b4 (Figure 5.2), namely Subgroup 22, Subgroup 6, Alphaproteobacteria 

unclassified and Pseudomonas. Furthermore, a correlation of seven genera with the MPs caffeine and 

rufinamide could be observed. So far, it is not possible to draw final conclusions to which extent these 

conspicuous genera are really directly involved in MP transformation. However, they might be 

promising bacterial indicators for an increased removal of certain MPs under oligotrophic conditions 

after sequential biofiltration of treated wastewater. Nevertheless, the causality, transferability and 

statistical dependence of the results need to be investigated in follow-up studies. 

 

 

Figure 5.3: Principal component analysis (PCA) biplot of the normalized biotransformation rate constants in the different 
columns of the system. Blue arrows indicating the contribution of the top 30 compounds to differences within the columns. 
Dimensions (Dim) 1 and 2 accounted for 95.5% of variance. 

 

5.3.4 Metatranscriptomic analysis 

To illustrate the functional potential of the different columns metatranscriptomic analysis was 

performed. Because of the limited material and the low biomass, especially in the rear three columns 

(b2, b3, b4), only the first two columns A1 and b1 could be analyzed and further assessed. 

The comparison of the normalized kbio values showed that for 74% of the 42 analyzed MPs the top layer 

of column b1 had a higher biotransformation potential than that of A1. The largest difference could be 

observed for the MPs ibuprofen, rufinamide, ketoprofen and ramiprilat in a descending order. To analyze 

whether the considerably higher biotransformation potential in column b1 was also reflected by the 

diversity of active genes expressed in known metabolic and biotransformation pathways on 

metatranscriptome level, the sequenced genes were functionally assigned to different KEGG pathways 
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and quantified as percentages of assigned sequences for each sample of the two columns (detailed in 

chapter 5.2.4). 

Table 5.3 shows the ratio of gene abundances in b1 and A1 of the main and sub categories including 

selected biotransformation pathways from the category ñ1.11 Xenobiotics biodegradation and 

metabolismò which had the highest differences between the two analyzed columns. On average, 6.1% 

of the predicted gene sequences could be annotated to the KEGG pathways. According to this 

classification and normalized to the number of annotated genes, the most abundant main pathways were 

ñmetabolismò (in average 32.6%), followed by ñhuman diseasesò (9.6%) and ñenvironmental 

information processingò (6.5%). For the main pathway ñmetabolismò nearly all sub-pathways showed 

higher relative abundances in column b1 compared to A1 (ratio >1). Especially the genes of the 

metabolism pathways for carbohydrates, lipids or amino acids had higher relative abundance values in 

column b1, which indicates an increased metabolic activity. Noticeable, 10 from 12 pathways, included 

in the sub-pathway ñ1.8 metabolism of cofactors and vitaminsò, showed an averaged increased 

abundance of 28% in column b1. One explanation for the higher expressed genes in these pathways 

could be the increased use of cofactors needed for the biotransformation of refractory DOC (Cai et al., 

2023; Lønborg et al., 2018). The remaining main pathways ñgenetic information processingò, 

ñenvironmental information processingò, ñcellular processesò, ñorganismal systemsò and ñhuman 

diseasesò including their analyzable sub-pathways showed mostly lower expressed genes in column b1 

compared to A1. An explanation could be, that due to the lower carbon-availability in b1, the focus is 

more on obtaining energy than on the non-metabolic pathways. Similar to the sub-pathway 1.8, almost 

all evaluable pathways within category ñ1.11 Xenobiotics biodegradation and metabolismò (15 of 18) 

were expressed higher in b1 than in A1 resulting in a 36% higher averaged activity in column b1. Here, 

the highest ratios were identified for the pathways ñAtrazine degradationò (1.80) and ñStyrene 

degradationò (1.79). Especially the catechol 2,3-dioxygenase in the styrene pathway and the urease gene 

in the atrazine pathway were highly expressed. These observations were in accordance with the results 

from Dong Li et al. (2014), who analyzed metagenomes of microbial communities in simulated MAR 

systems under different concentrations and compositions of BDOC. Similar to this study they assigned 

the sequenced genes to the KEGG pathways of the category ñ1.11 Xenobiotics biodegradation and 

metabolismò and showed higher relative abundances in nearly all pathways under low BDOC 

concentrations (Dong Li et al., 2014). 

These results of an increased expression of genes already described to be involved in xenobiotic 

biotransformation were consistent with the improved biotransformation of certain MPs in column b1 

compared to A1. Even though there might be not necessarily a causal relationship between these genes 

and the biotransformation of the analyzed MPs, this could be seen as an indication that the diversity of 

expressed genes involved in the biotransformation of MPs was generally higher under the carbon-

limiting conditions in column b1. However, for a more detailed analysis further systematic experiments 

would be necessary. 
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Table 5.3: Results from the comparison of the metatranscriptomic sequence data with the KEGG database; displayed are the 
main- and subpathways with the biggest differences between the analyzed columns as ratios 

 

  

KEGG pathways ratio b1/A1

1. Metabolism
1.1 Carbohydrate metabolism

1.3 Lipid metabolism

1.5 Amino acid metabolism

1.8 Metabolism of cofactors and vitamins

1.11 Xenobiotics biodegradation and metabolism

map00622 Xylene degradation

map00625 Chloroalkane and chloroalkene degradation

map00626 Naphthalene degradation

map00627 Aminobenzoate degradation

map00633 Nitrotoluene degradation

map00643 Styrene degradation

map00361 Chlorocyclohexane and chlorobenzene degradation

map00791 Atrazine degradation

map00980 Metabolism of xenobiotics by cytochrome P450

map00982 Drug metabolism - cytochrome P450

map00984 Steroid degradation

2. Genetic Information Processing

2.2 Translation

3. Environmental Information Processing
3.2 Signal transduction

4. Cellular Processes

4.1 Transport and catabolism

5. Organismal Systems
5.1 Immune system

5.2 Endocrine system

6. Human Diseases

6.4 Neurodegenerative disease

6.8 Infectious disease: bacterial

6.9 Infectious disease: viral
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5.4 Conclusions 

¶ A decreasing trend of the biodiversity could be observed within the column cascade 

¶ The carbon-limiting columns of the system had a similar microbial community and were dominated 

by Pseudomonas (5.6-8.5 %) 

¶ Considering biomass normalized kbio values for most MPs the transformation potential was higher 

under carbon-limiting conditions 

¶ Bacterial genera which were associated with MPs preferentially degraded under carbon-limited 

conditions belonged mainly to the phylum Acidobacteria and the classes Alpha- and 

Gammaproteobacteria 

¶ Four genera (Subgroup 22, Subgroup 6, Alphaproteobacteria unclassified, Pseudomonas) showing 

a continuous increase in the relative abundance were statistically positively correlated with the two 

structurally similar MPs sulfamethoxazole and sulfathiazole, for which a continuous increase in 

normalized kbio values was observed 

¶ Consisting to the higher transformation potential metatranscriptomic analysis indicated an increased 

metabolic capability and a higher functional activity to degrade MPs in the oxic yet carbon-limiting 

column b1 compared to column A1 
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Final conclusions  
The targeted optimization of the biological removal of MPs in wastewater treatment and groundwater 

recharge was hitherto challenging. A major obstacle is the lack of knowledge about the influence of the 

microbial community composition on MP biotransformation in these systems. Therefore, this 

dissertation analyzes the biotransformation potential for a variety of MPs and relate them to the 

prevailing process conditions as well as to the composition, biodiversity and functional properties of the 

predominant microorganisms in different systems. 

The four studies that build this thesis are based on batch and column experiments from laboratory to 

bench scale. Their results confirmed the potential of varying process conditions to improve the 

biotransformation of several of MPs that are not or only moderately biotransformed in conventional 

WWTPs or MAR systems. Persistent MPs such as carbamazepine, fluconazole or primidone were not 

biotransformed under any of the conditions studied. In contrast, the results of chapter 2 (investigation 

of two reactor cascades and one full-scale WWTP) showed significantly improved biotransformation 

for some MPs such as diatrizoate, venlafaxine or tramadol via reductive reactions in anaerobic post or 

pre-treatments. However, the most studied MPs, e.g. metoprolol, DHH-CBZ, acesulfame or diclofenac, 

benefited from aerobic rather than anaerobic conditions. In addition, adjustment to anaerobic process 

parameters is associated with high effort, cost and space requirements. 

The results of chapter 3 revealed, that the carrier-attached biofilm is particularly suitable for MPs which 

were biotransformed by oxidative reactions, such as trimethoprim, diclofenac or mecoprop. The latter 

two showed similar biotransformation behavior irrespective of the suspended or carrier-attached 

biomass, where similar taxa or enzymes could be responsible for the transformation, which needs to be 

confirmed by further studies.  

Carbon availability was also an important process parameter investigated in all studies, but particularly 

in chapters 4 and 5. Under aerobic and carbon-limited conditions, improved biotransformation was 

observed for MPs that are primarily biotransformed by slow oxidative reactions, dealkylation of primary 

and secondary amines, and hydroxylation of aromatic rings (mecoprop, diclofenac, bezafibrate, 

benzotriazole, furosemide), and pterin-conjugation (sulfamethoxazole, sulfathiazole, sulfadiazine). In 

addition, mecoprop and benzotriazole showed both high normalized and absolute biotransformation 

rates, indicating that the proportion and/or metabolic activity of organisms involved in the 

transformation of these compounds is likely to be considerably higher under carbon-limiting conditions. 

The studies analyzed many MPs of different origin which are transformed by primary reactions. For 

example, the results showed that the artificial sweetener acesulfame was preferentially degraded under 

aerobic and high BDOC conditions, whereas no biotransformation was observed under anaerobic or 

carbon-limiting conditions. Also, no clear trend was observed when comparing carrier-attached biofilm 

and suspended sludge (chapter 3). Furthermore, in chapter 4, biotransformation was only observed at 
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high concentrations of acesulfame. The ambiguity of the biotransformation behavior and the difficulty 

to find trends can be explained by the presumed adaptation of the community to metabolize acesulfame. 

Interestingly, within the first and second study (chapter 2 and 3), the MPs acesulfame, bezafibrate and 

terbutryn showed similar behavior in terms of their biotransformation potential. Another interesting MP 

analyzed in the studies is the anti-inflammatory drug diclofenac. This compound is poorly transformed 

in WWTPs, but even under anaerobic conditions no improved biotransformation was observed. Instead, 

treatment with carrier-attached biofilm and under carbon-limiting conditions facilitated the 

biotransformation of diclofenac. The herbicide mecoprop showed a similar behavior in the studies of 

chapters 3 and 4. 

In addition to the MP biotransformation results, the taxonomic analyses provided important insights into 

the microbial composition under different treatment conditions. In the studies investigating wastewater 

treatment (chapter 2 and 3) a mostly higher diversity was observed under carbon-limiting conditions, 

while the opposite was observed in the column study mimicking MAR (chapter 5). By examining the 

anaerobic pre- and post-treatments, lower biodiversity values were found compared to aerobic 

conditions, together with the expected dominance of certain microbial taxa such as sulphur-oxidizing or 

autotrophic bacteria. Unexpectedly, the carrier-attached biofilm also contained known anaerobic taxa, 

such as those responsible for the iron cycle, in addition to the typical aerobic bacteria, indicating strong 

redox gradients and distinct niches within these biocenoses. The studies showed that the class 

Alphaproteobacteria in particular had significantly higher abundances under carbon-limiting conditions. 

Furthermore, the genus Nitrospira, which is a versatile taxon both in terms of its metabolism and its 

ability to biotransform MPs, was often found in high abundance under carbon-limiting conditions. 

In addition to investigating the composition of the microbial community, the studies also identified taxa 

that exhibited high relative abundances in parallel to an increased biotransformation of MPs. In general, 

the genera of bacteria showing significant positive correlations with the biotransformation of certain 

MPs mainly belonged to the classes Alpha- and Gammaproteobacteria and the phylum Acidobacteria, 

with the orders Caulobacterales and Rhizobiales standing out. Even though these correlations are not 

necessarily connected with a causal relationship, these bacteria might also be suitable indicator 

organisms for beneficial transformation conditions for certain MPs. Specifically, for the artificial 

sweetener acesulfame, genera of the order Hyphomicrobiales, which had been identified as enrichment 

cultures in the biotransformation of the MP, were also identified in chapters 2 and 3 and could be 

partially associated with its transformation. In addition, the fact that diclofenac partially correlated with 

genera of the order Hyphomicrobiales, similar to acesulfame, was a further indication that this group is 

highly relevant in the biotransformation of MPs. 

Overall, no general improvement in biotransformation could be found for all MPs for the conditions 

considered, with system- and condition-specific changes observed for individual compounds. However, 

the studies indicated favorable environmental conditions for groups of MPs that showed increased 
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biotransformation, especially under carbon-limiting conditions and in carrier-attached biofilms. Further 

studies that provide data sets under different environmental conditions are required to confirm the 

validity for different reactor systems or environmental systems and to provide a more robust statistical 

basis. The studies gave further evidence that the biotransformation of MPs is partly carried out by few 

and less abundant specialists. In addition, multivariate statistics proved to be a good method to get an 

idea of which organisms indicate improved biotransformation and favorable process conditions. 

However, the results have the limitation that they do not allow the identification of causal relationship. 

Hence, also other techniques are needed to elucidate causal relationships, e.g. based on the activity of 

taxa/enzymes using techniques such as qPCR, MAR-FISH or transcriptome analysis. First promising 

results on the use of metatranscriptomics to compare metabolic and biotransformation pathways, which 

can also be used to identify indicator organisms, were presented in chapter 5. 

Based on the findings presented in this dissertation, it is evident that a more nuanced understanding of 

transformation processes in wastewater treatment systems can significantly enhance the 

biotransformation of MPs. The research highlights the critical role of microbial communities and their 

enzyme activities in optimizing these processes, especially under varying environmental conditions. By 

identifying key microbial indicators and understanding the effects of redox conditions, carbon 

availability, and microbial community composition on MP biotransformation, this work provides 

valuable insights for the development of more effective and sustainable water treatment strategies. The 

results underscore the potential of both conventional and innovative biological treatment systems to 

improve water quality, especially in the face of growing water scarcity and the need for wastewater 

reuse. Future research should continue to explore these complex interactions, focusing on the genetic 

and metabolic pathways involved in MP biotransformation to further optimize wastewater treatment 

processes and protect vital water resources. 
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Appendix  

Appendix A - Supporting information of chapter 2 

Barcode name Barcode sequence 

IlluFBC_V4_01 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGTTACACAGCMGCCGCGGTAA 

IlluFBC_V4_02 ACACTCTTTCCCTACACGACGCTCTTCCGATCTACCGTCCACAGCMGCCGCGGTAA 

IlluFBC_V4_03 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGACCGCACAGCMGCCGCGGTAA 

IlluFBC_V4_04 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATATTGCACAGCMGCCGCGGTAA 

IlluFBC_V4_05 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGCAACACAGCMGCCGCGGTAA 

IlluFBC_V4_06 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCGCTTCACAGCMGCCGCGGTAA 

IlluFBC_V4_07 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATCACACAGCMGCCGCGGTAA 

IlluFBC_V4_08 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTCCATCACAGCMGCCGCGGTAA 

IlluFBC_V4_09 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGACGACCACAGCMGCCGCGGTAA 

IlluFBC_V4_10 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCAGCCACAGCMGCCGCGGTAA 

IlluFBC_V4_11 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTACCCACAGCMGCCGCGGTAA 

IlluFBC_V4_12 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTACGTCACAGCMGCCGCGGTAA 

IlluFBC_V4_13 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACTTGCACAGCMGCCGCGGTAA 

IlluFBC_V4_14 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCGAGCACAGCMGCCGCGGTAA 

IlluRev_V4 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTACNVGGGTATCTAATCC 

Index name Index sequence 

Index 1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTC 

Index 2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTC 

Index 3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTC 

Index 4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTC 

Index 5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTC 

Index 6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTC 

 

Figure A.1: Sequences of the individual Barcodes and Indices. 

Legend: 

Primer-sequence 

Spacer 

Custom Barcode 

Illumina Index 

Adapter 
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Figure A.2: Result of the SIMPER analysis performed with PAST program. All genera under a defined threshold (70%) of the 

cumulative contribution were declared as specialized genera (chapter 2.3.3). The remaining 30% served as input and filter 

criteria (I) for the identification of the core community (chapter 2.3.2). 

 

 

Figure A.3: Boxplots of the species richness as criterion of alpha-diversity in the different treatments. Red superscript letters 

represent significantly differing H-values (p < 0.05), based on ANOVA with Tukey post-hoc test. 
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Figure A.4: Boxplots of the Shannon indices calculated as the alpha-diversity in the different treatments without the genus 

Luteimonas. Red superscript letters represent significant group differences (p < 0.05) based on ANOVA with Tukey post-hoc 

test. 

 

 

Figure A.5: Averaged removal of all analyzed compounds in the full scale WWTP, the reference reactor R1 and the two reactor 

cascades I and II . 

 

 WWTP Reactor 1 Reactor 2 Reactor 3 Reactor 4 Reactor 5 

Methanimicrococcus 0 0 0 0.0308 0.000238 0 

Methanobacterium 0.000529 0 0.000536 0.000199 0.000848 0 

Methanobrevibacter 0.0012 0.00268 0.00087 0.000209 0.00383 0.000261 

Methanolacinia 0 0 0 0 0.000124 0 

Methanolinea 0 0 0.000394 0.000208 0 0 

Methanomassiliicoccus 0.000257 0 0.00736 0.15 0.000498 0.000245 

Methanomethylovorans 0 0 0 0 0.000226 0 

Methanomicrobium 0 0 0.000248 0 0 0 

Methanopyrus 0 0 0 0 0.000169 0 

Methanoregula 0 0 0.000129 0.000416 0 0 

Methanosalsum 0.000153 0 0.0029 0.00201 0 0 

Methanosphaera 0.000308 0.000467 0.00162 0.000851 0.00726 0.000105 

Methanosphaerula 0 0 0.000431 0.00643 0 0 

Methanospirillum 0 0 0 0 0 0.000197 

Methanothrix 0 0.000532 0.000129 0.00465 0.0005 0.000197 

Abundance sum 0.002447 0.003679 0.014617 0.195773 0.013693 0.001005 

Figure A.6: Abundance of methanogenic genera in the different treatments. 
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Appendix B - Supporting information of chapter 3 

 

 

Figure B.1: Schematic of the bench-scale sequencing batch reactor system (MBBR 3). The system consisted of two reactors 

(1st and 2nd) with a volume of 12 liters each. Biomass for batch experiment was taken from the 2nd reactor. 

 

 

Table B.1: List of spiked compounds with additional information 

 Micropollutant  Use  

Acesulfame  Sweetener  

Acyclovir  Antivirals  

Atenolol  Beta-Blockers  

Benzotriazole  Industrial  

Bezafibrate  Lipid modifying agent  

Carbamazepine (CBZ)  Antiepileptics  

10,11-Dihydro-10,11-dihydroxycarbamazepine (DH-DH-CBZ)  Antiepileptics  

2-Hydroxycarbamazepine (2-OH-CBZ)  Antiepileptics  

3-Hydroxycarbamazepine (3-OH-CBZ)  Antiepileptics  

10,11-Dihydro-10-hydoxycarbamazepine (DHH-CBZ)  Antiepileptics  

Carbendazim  Fungicide  

Clarithromycin  Antibacterials  

Climbazole  Antifungal  

Codeine  Analgesic  

Diatrizoate  Contrast media  

Diclofenac  Antiinflammatory  

Diuron  Herbicide/Algicide  

Erythromycin  Antibacterials  

Fluconazole  Antimycotics  

Iopamidol  Contrast media  

Iopromide  Contrast media  

Mecoprop  Herbicide  
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