Ingenieurfakultit Bau Geo Umwelt

Lehrstuhl fir Siedlungswasserwirtschaft

- Benzotriazole and Sulfamethoxazole -

Biodegradation of polar, non-adsorptive xenobiotic micropollutants with activated

sludge communities and pure cultures

Bastian B. Herzog

Vollstandiger Abdruck der von der Ingenieurfakultdt flir Bau Geo Umwelt der
Technischen Universitit Minchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. Jorg E. Drewes
Prifer der Dissertation:

1. Univ.-Prof. Dr. Harald Horn, Karlsruher Institut ftr
Technologie

2. Univ.-Prof. Dr. Jirgen Geist

3. Hon.-Prof. Dr. Hilde Lemmer

Die Dissertation wurde am 30.09.2013 bei der Technischen Universitat Minchen
eingereicht und durch die Ingenieurfakultit Bau Geo Umwelt am 27.11.2013

angenommen.






What we call the beginning is often the end.
And to make an end is to make a beginning.
The end is where we start from.

T. S. Eliot






Abstract

ABSTRACT

The polar, xenobiotic micropollutants 1-H-benzotriazole, 4- and 5-tolyltriazole (BTri, 4-TTri,
5-TTri, summarized as BTs), and the sulfonamide antibiotic sulfamethoxazole (SMX) are due
to their widespread applications almost omnipresent in aquatic systems, including drinking
water. Therefore, this work was conducted to evaluate the biodegradation potential of

activated sludge communities (ASCs) and pure cultures towards these pollutants.

To screen a high number of different setups for BTs and SMX biodegradation within a short
time, an easy to perform and very cost-efficient UV-absorbance-based measurement (UV-
AM) system was established allowing monitoring biodegradation under laboratory

conditions and at xenobiotic concentrations above 1.0 mg L.

In a first attempt, three different wastewater treatment plants were monitored for their BTs
concentrations and showed 5-TTri to be best removed with a mean of 75% followed by BTri
with up to 45% and worst for 4-TTri with up to 15% only. Analysis of the removal in
different treatment stages showed that 5-TTri was mainly biodegraded in the aeration tanks
while BTri and 4-TTri were equally removed across all treatment stages. Measurements of
the receiving rivers up- and down-stream the WWTPs proved the latter to be a point source

for benzotriazoles in the aquatic environment.

Up to 30 mg L' BTri and 5-TTri were biodegraded in non-acclimated ASCs under aerobic
conditions at 20°C in up to 49 and 7 days, respectively, but not under denitrifying, sulfate
reducing or anaerobic conditions. 4-TTri was biologically stable under all applied
conditions. Acclimation significantly improved BTri and 5-TTri biodegradation. While BTri,
after acclimation, was removed within 7 days, 5-TTri removal could be reduced to 4 days.
Nutrient supply crucially improved biodegradation, especially nitrogen concentrations were
observed to play a critical role for biodegradation. While carbon showed no such effect,
additionally supplied nitrogen increased biodegradation that became faster and more

efficient.

Further experiments regarding the enhancement of 5-TTri biodegradation by optimizing
nutrient supply and acclimation were performed. Acclimation and nutrient supply were
identified as main factors to improve the biological removal of 5-TTri. Acclimation over
several generations optimally adjusted the ASC to utilizing 5-TTri immediately after
inoculation and with high biodegradation rates up to 5.2 mg L™ d"'. Additional experiments,
performed with an extract from autoclaved activated sludge supernatant to simulate
wastewater nutrient conditions and with specific nitrogen compounds, significantly

increased 5-TTri biodegradation rates up to 5.0 mg L' d” without any acclimation. These
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experiments indicated that 5-TTri removal is strongly dependent on nitrogen supply and thus
might start with benzene ring cleavage, necessitating nitrogen supply. Acclimated ASCs that
showed best biodegradation potential were characterized by DGGE (denaturing gradient gel
electrophoresis), metagenomic and metatranscriptomic analysis. DGGE revealed a low
biodiversity in the ASC consisting of four dominant species: Aminobacter sp.,
Flavobacterium sp., Hydrogenophaga sp. and Pseudomonas sp.. In contrast, metagenomic
analysis showed a higher diversity in the ASCs with the most prominent species being
Mesorhizobium spp., Pseudomonas spp., Acidovorax spp. and Hydrogenophaga spp..
Metatranscriptomic analysis to reveal the ASCs’ metabolic activity revealed Pseudomonas
spp., Hydrogenophaga spp. and Acidovorax spp. as the most likely species contributing to 5-
TTri biodegradation as they were found with high activities in the biodegrading setups.

A different approach aimed at the evaluation of SMX biodegradation. Nine different bacteria
species, capable of SMX biodegradation, were isolated from SMX-acclimated ASCs. 16S
rRNA gene sequencing revealed five Pseudomonas spp., one Brevundimonas sp., one
Variovorax sp. and two Microbacterium spp.. These cultures, incubated in media containing
10 mg L' SMX and different carbon and nitrogen concentrations, revealed biodegradation
rates up to 2.5 mg L' d” in complex media under aerobic conditions and room temperature
confirming that readily degradable energy sources were crucial for efficient SMX
biodegradation. Moreover, media without any carbon and nitrogen supplementation proved

the organisms’ ability to utilize SMX as sole energy and nutrient source.



Kurzfassung

KURZFASSUNG

Die polaren Xenobiotika 1-H-Benzotriazol (BTri) sowie 4- und 5-Tolyltriazol (4-TTri, 5-TTri,
zusammen als BTs bezeichnet) und Sulfamethoxazol (SMX, Sulfonamid-Antibiotikum)
werden vielfdltig eingesetzt und finden sich in nahezu allen Oberflaichengewdssern und im
Trinkwasser. Die vorliegende Arbeit behandelt das biologische Abbaupotential von

Belebtschlammbiozoénosen als auch von Reinkulturen gegeniiber den erwédhnten Stoffen.

Um eine grolle Anzahl verschiedener Abbauversuche (berwachen und kontrollieren zu
konnen, wurde eine leicht anwendbare und kosteneffiziente UV-Absorptions-basierte
Messmethode (UV-AM) etabliert. Sie ermoglicht die Darstellung des biologischen Abbaus
der getesteten Xenobiotika unter Laborbedingungen und Konzentrationen groer 1,0 mg L™
Dadurch wurde es moglich weiterfiihrende Experimente mit geringem Kostenaufwand zu

realisieren.

Im Rahmen dieser Arbeit wurden die Zu- und Ablaufkonzentrationen der drei Benzotriazole
in drei verschiedenen Kldranlagen (iber ein Jahr gemessen. 5-TTri zeigte guten biologischen
Abbau mit einer mittleren Elimination von 75%, gefolgt von BTri mit 45% und schlielich 4-
TTri mit 15%. Konzentrationsmessungen im Vorfluter vor und nach der jeweiligen

Klaranlage bestitigten sie als Haupteintragsquelle fiir BTs ins Gewadsser.

Um die gewonnenen Ergebnisse im Labor zu (berpriifen wurden Abbauversuche
durchgefiihrt. 30 mg L' BTri sowie 5-TTri konnten von Belebtschlammbiozénosen, die
direkt aus der Kldaranlage stammten, unter aeroben Bedingungen innerhalb von 21-49
beziehungsweise 2-7 Tagen biologisch abgebaut werden. Ein Abbau unter
denitrifizierenden, sulfatreduzierenden oder anaeroben Bedingungen fand nicht statt, ebenso

wenig wie ein biologischer Abbau von 4-TTri, unabhdngig von den gewdhlten Bedingungen.

Durch Anpassung des Belebtschlamms an hohe BTri und 5-TTri Konzentrationen konnte die
Abbauleistung wesentlich gesteigert werden, wodurch BTri innerhalb von sieben Tagen und
5-TTri innerhalb von vier Tagen vollstindig eliminiert wurden. Zusdtzlich angebotene
Nahrstoffe, v.a. Stickstoff, steigerten die biologische Abbauleistung zusédtzlich, wohingegen
zusdtzlich angebotener Kohlenstoff nahezu keinen Einfluss auf die Eliminationsleistung

zeigte.

Weiterfiihrende Experimente zur Optimierung der Bediirfnisse der Belebtschlammbiozdnose
fir den Abbau von 5-TTri durch gezielte Anpassung des Schlamms (iber mehrere
Generationen hinweg erschufen eine fiir 5-TTri Abbau optimierte Biozonose mit einer

Abbauleistung von 5,2 mg L' d'. Durch Zugabe eines Belebtschlammextrakts, um
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anndhernd natiirliche Néahrstoffbedingung zu simulieren, zeigten auch nicht-angepasste
Schlimme sehr hohe Abbauraten bis zu 5,0 mg L' d'. Eine dhnliche Verbesserung konnte
durch die Zugabe von Stickstoff erzielt werden. Deshalb wird angenommen, dass der Abbau
von Benzotriazolverbindungen mit der Spaltung des Benzolrings beginnt und deshalb
Stickstoff, der nicht aus den Benzotriazolen gewonnen werden kann, den limitierenden

Faktor darstellt.

Eine anschliefende Charakterisierung der 5-TTri abbauenden Belebtschlammbiozénosen
wurde mittels denaturierender Gradientengelelektrophorese (DGGE) und Next-Generation-

Sequencing (Metagenom und Metatranskriptom Analyse) erreicht.

Die DGGE Resultate zeigten eine stark reduzierte Diversitdt mit vier dominanten Spezies:

Aminobacter sp., Flavobacterium sp., Hydrogenophaga sp. und Pseudomonas sp..

Im Gegensatz dazu zeigte die Metagenomanalyse eine hohe Diversitit und die Spezies
Mesorhizobium spp., Pseudomonas spp., Acidovorax spp. und Hydrogenophaga spp. die
grolte Haufigkeit.

Die Analyse des Metatranskriptoms zur Bestimmung der metabolischen Aktivitdt der
Organismen zeigte, dass die drei Spezies Pseudomonas spp., Hydrogenophaga spp. und

Acidovorax spp. mit hoher Wahrscheinlichkeit am Abbau von 5-TTri beteiligt sind.

Ein weiterer Aspekt dieser Arbeit behandelte das biologische Abbauverhalten von SMX
mittels neun verschiedener, aus Belebtschlamm isolierter, bakterieller Reinkulturen. Die
Sequenzierung des 16S rRNA Gens lieferte flinf Pseudomonas spp., einen Brevundimonas
sp., einen Variovorax sp. und zwei Microbakterium spp.. Inkubation dieser Organismen in
Medien mit 10 mg L' SMX und leicht abbaubaren Energiequellen zeigte, dass je nach
verwendetem Medium Abbauraten von bis zu 2,5 mg L d' erreicht werden konnten.
Zusatzlich wurde gezeigt, dass die gefundenen Kulturen fahig waren, SMX als alleinige

Energie- und Nahrstoffquelle zu nutzen.
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Chapter 1 — Introduction

1.1 XENOBIOTIC ORGANIC MICROPOLLUTANTS - ISSUES REGARDING THE
AQUATIC ENVIRONMENT

Xeno | biotica (gr. Biotkog alive, able to live) n pl: 1. Compounds inducing defense
reactions in the human body (antigens, toxins...) 2. Substances that are foreign for an

ecosystem, e.g. pollutants; compare ecology. (adapted from [1])

Micro | pollutants: synthetic and natural trace contaminants being present in aquatic systems
at low to very low concentrations ranging from pg per liter to ug per liter. (adapted

from [2])

Chemical and pharmaceutical industries produce a large variety of products that are
omnipresent in our everyday life. These products are necessary to maintain the high living
standard that our society is used to and they are implicitly required for communication
technologies, food supply, mobility and safety issues. On the other hand, many of these
xenobiotic compounds, i.e. substances that do not naturally occur in ecosystems,
contaminate aquatic systems as many of them are persistent against biodegradation and/or
are only poorly removed during wastewater treatment. With the development of sensitive
and easily applicable analytical techniques to monitor the concentrations of various
xenobiotica it has been realized that almost all aquatic systems, including ground water, are
prone to contamination. Although many of these substances are detectable only in ng L™
concentrations and are thus entitled micropollutants, they may pose a potential risk on
human health and cause detrimental effects on aquatic ecosystems [3]. Water environments
often have a direct and immediate contact with human life as water is almost used
ubiquitously. Furthermore, water bodies form a unit allowing xenobiotica to be transported
to every part of the world [4]. Mostly these compounds, especially when related to personal
applications like fragrances, hygiene products or health-related compounds, enter the water
cycle in excessive amounts as they are intensively applied [5, 6]. Additionally, pesticides
and antibiotics that are used in veterinary applications enter the water cycle due to their use
in agriculture and farming [7, 8]. In contrast to the latter, that enter aquatic systems without
treatment by direct runoff, are those that are discharged with wastewater treatment plant
(WWTP) effluents. Many xenobiotica are biologically stable and/or polar compounds and

thus are only partly removed during wastewater treatment [9]. Personal care products, flame
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retardants, surfactants and pharmaceuticals are among these products that exhibit a low
biodegradability and thus weak retention in WWTPs [10, 11]. These compounds, even if
they are discharged in the lower ng L range only, comprise the risk to accumulate in
aquatic systems as their self-purification potential might not be sufficient enough to
completely eliminate these substances [12, 13]. Therefore, pharmaceuticals have already
been detected in drinking water in concentrations up to the lower ug L' range [14] with
highest concentrations of 1.3 ug L for Ibuprofen [15]. Even in such low concentrations,
some compounds like human pharmaceuticals, especially antibiotics, are known to exhibit
adverse effects in aquatic ecosystems [16, 17]. Evidence has shown that even in sub-
inhibitory level concentrations antibiotics might exert an impact on microbial communities,
e.g. by influencing transcription in bacteria [18], but long-term effects on exposure to low
concentrations of antibiotics still remain largely unknown. Additionally, only few
information is available on the potential expansion of antibiotic resistances arising from the
permanent exposure of aquatic organisms towards antibiotics [19] although many studies
address the detection of antibiotic resistance genes and antibiotic-resistant organisms in
aquatic systems, ground- and drinking water [20, 21]. However, it was reported that
continuous exposure of microbial activated sludge communities (ASC) to low concentrations
of 100 ug L erythromycin significantly changed the community structure [22]. If long term
exposure to low levels of xenobiotica also has adverse effects on human health still remains
unknown due to a lack of proper studies [23]. Nevertheless, all xenobiotica are designed to
show a specific effect and also low concentrations might be enough to cause undesired side-
effects as a study with fathead minnows showed [24]. In this study fathead minnows
(Pimephales promelas) were chronically exposed to low concentrations of 5 ng-L™' 17a-
ethynylestradiol that already led to feminization of males and ultimately to a near extinction
of this species. This is of special importance as the applied concentrations were by far lower
than many of the already detected concentrations of xenobiotic compounds in aquatic
systems. This example clearly demonstrated that xenobiotic micropollutants, even in lowest
concentrations, can influence aquatic biological systems and should thus be avoided on the
one hand by reducing their application and, on the other hand, by improving wastewater

treatment systems removal of persistent organic pollutants.

1.2 XENOBIOTICA — CHALLENGES FOR WASTEWATER TREATMENT SYSTEMS

As many xenobiotica are present only in low to very low concentrations, i.e. pg to ng L
range, conventional wastewater treatment systems are often incapable of completely
removing such compounds [25]. Thus, such micropollutants are often detected in the

effluent waters of WWTPs [26, 27] by newly developed and/or improved chemical analysis,
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i.e. LC and GC methods [28], for quantitative measurements of very low concentrations. In
contrast, qualitative analyzes are mainly performed by biological test systems to show the
effects of the released micropollutants on ecosystems. Sensitive and specific biomarkers as
the egg yolk protein vitellogenin [29] or a bioassay using transgenic medaka embryos [30]
for measuring the estrogenic activity in vivo were established for specifically screening for
changes in the applied organisms. Another vital issue of environmental impacts is the
presence of multicomponent mixtures that may lead to combined effects as shown for
fathead minnows regarding estrogenic response and reproductive performance [31]. These
issues show that modern wastewater treatment not only requires removal of carbon, nitrogen
and phosphorus compounds but should also focus on the elimination of as many
micropollutants as possible to reduce their concentrations. WWTPs constitute major point
sources of such pollutants in their receiving rivers. Increasing their removal efficiency would
thus significantly decrease xenobiotica concentrations downstream WWTPs [32]. Very many
treatment plants operate variants, e.g. one-stage, two-stage, intermittent systems, of the well-
known conventional activated sludge process (CAS) but also the quite new and innovative
technology of the membrane bio-reactor (MBR) is gaining popularity [33]. AS treatment is
limited as its removal mainly depends on biodegradation and sorption onto biomass. Often
it is operated with relatively short hydraulic retention times (HRT, one to six hours) and
lower sludge ages (up to 12 days) compared to MBR systems with HRTs of around 10 to 20
hours and sludge ages up to 40 days. These limitations favor MBR over CAS systems for the
removal of trace organic pollutants as was shown by several studies [34, 35]. The main
factors for a better removal of such compounds in MBR systems might be the possibility to
achieve a high sludge age that allows for the enrichment of slow growing bacteria and favors
a high microbial diversity [36]. Therefore, genetic mutations can be established and
microorganisms’ acclimation to the assimilation of persistent organic compounds increases
[37]. In addition, it was found that enzymatic production and thus the total enzymatic
activity in the system increases when the flocks are of smaller size (mean 4 pm in MBR to 20
pm in CAS [38]) due to an increase in their specific surface area [39]. Thus, mass-transfer
conditions in the MBR are improved. Moreover, the presence of many planktonic bacteria
increases the cells-specific metabolic processes as their higher specific surface implies
shorter distances to overcome to reach possible substrates. This phenomenon could possibly

lead to an enhanced xenobiotica removal in MBR systems [40, 41].

However, also MBR systems, although showing mostly better xenobiotica removal than CAS,
still release micropollutants with their effluents. Thus, post-treatment methods that might be

retrofitted to existing WWTPs as a forth treatment stage like activated carbon or ozone
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treatment, advanced oxidation technologies or sonolysis [42] are considered as they seem to
be an efficient method to remove such substances [43]. These techniques, capable of
removing pharmaceuticals, corrosion inhibitors and other xenobiotica [44, 45] are also
prone to some severe disadvantages: they often require higher maintenance, have a higher
energy consumption and thus are cost-intensive and, due to their unspecific reaction
mechanisms, tend to form highly reactive products of unknown behavior or toxicity [46].
Research has to assess this risk by monitoring the effluents of advanced water treatment
plants by bioassays [47]. However, further research is vital to exclude that micropollutants
transformation products, whether originating from biodegradation or from post-treatment,
have an even higher detrimental impact on the receiving aquatic system than the original
compound. Studies on ozonation transformation products formed during the oxidation of the
beta-blocker propranolol already showed that very reactive species like aldehydes are likely
to be formed [48] as well as inorganic toxic compounds like bromates [49]. To conclude, as
long as these concerns remain unclear advanced oxidation processes, apart from enabling
an almost complete removal of various compounds, should be used with caution for
polishing up WWTPs effluents. It might well be possible that unknown toxic reaction
products are released into the environment. In the worst case they could show an even
higher negative impact on aquatic communities than the parent compound or infiltrate

ground and ultimately drinking water.

In addition, biodegradation, apart from sorption onto biomass and the above mentioned
techniques, with activated sludge communities still represents a powerful approach to
efficiently reduce xenobiotica effluent concentrations. Very many studies elucidated that
xenobiotica are sometimes well biodegraded during activated sludge treatment and thus do
not require further polishing and sometimes are very persistent. Additionally, the biological
removal varies strongly from compound to compound and does not allow correlation to the
compound structure [26, 32]. Among these are pharmaceuticals like ibuprofen and
naproxen that are well biodegraded whereas others like carbamazepine and
sulfamethoxazole show only a low removal due to biodegradation [32]. Sulfamethoxazole
biodegradation by AS in laboratory setups is already described by several studies [19, 50,
51]. However, knowledge about optimal biodegradation conditions and biodegradation

patterns with pure cultures is still very rare [52].

Not only pharmaceuticals but also compounds, generally referred to as polar persistent
organic pollutants (PPOPs) [17] show a weak biodegradability. The latter include, among
others, personal care products and industrially relevant substances like the corrosion

inhibitors benzotriazole. Benzotriazoles, especially 1-H-benzotriazole, 4- and 5-
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tolyltriazole, exhibit, like sulfamethoxazole, a weak biological removal during wastewater
treatment and are thus discharged in concentrations up to pg L' [53]. Unlike with
sulfamethoxazole, benzotriazoles’ biodegradation still lacks specific laboratory studies to
evaluate AS communities biodegradation patterns and capacities. For these reasons,
sulfamethoxazole and the benzotriazoles were chosen for evaluation of their biodegradation
likeliness under different nutrimental conditions with AS communities as well as pure

cultures.

1.3 BENZOTRIAZOLE — APPLICATIONS AND MECHANISM OF ACTION

Benzotriazoles (BTs) are a class of substances that are mainly used for corrosion protection
of various metal surfaces, especially copper [54]. They are entitled as “emerging
contaminants”, i.e. pollutants that occurred in the last 20 years and are being found in

significant concentrations and abundance [55].
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Figure 1.1 A, B and C — Structures of A) benzotriazole, B) 4-methyl-benzotriazole and C) 5-methyl-
benzotriazole

While benzotriazole (Figure 1.1 A) is preferentially used as additive to dishwashing
detergents, the two methyl-benzotriazoles 4- and 5-tolyltriazole (Figure 1.1 B and C),
summarized as tolyltriazole, are industrially applied and added to braking fluids and aircraft

deicing formulations [56].

Figure 1.2 — Proposed structure of the benzotriazole surface layer on copper [57].
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These compounds are very efficient as only very low concentrations are necessary to
successfully prevent corrosion [58]. The benzotriazole particles form a thin but stable
organic barrier layer on metal, especially copper, surfaces and thus efficiently prevent
corrosion [59]. However, the exact mechanisms that lead to this layer are still object of
discussions. It seems possible that benzotriazoles form differently structured surface layers
with different types of metal [60]. The mechanisms that connects benzotriazoles to the metal
surfaces are also still not completely understood and object of further research [61]. One
proposed structure (Figure 1.2) shows the formation of a Cu-N bond that is explained by
overlapping of the Cu sp-hybrid atomic orbital with the N-hybridized lone-pair atomic
orbitals [57].

Table 1.1 — Physico-chemical properties of the three benzotriazole compounds and sulfamethoxazole

molecular molecular water
compound CAS-No. weight solubility  logP appearance
formula a1
[g mol™] (20 °C)
- slightly yellow
benzotriazole ~ 95-14-7 CoHsN; 11912 19.0gL’ 126 &Y
. granulate
(BTri)
5-methyl- cream to beige
benzotriazole 136-85-6 C,H5N; 133.15 60g L 1.78 crystalline
(5-TTri) powder
4-methyl- yellow to
benzotriazole 29878-31-7 C,H5N; 133.15 02¢g L 1.78 brownish
(4-TTri) powder
Sulfamethoxa
zole 723-46-6  CioH;N;O’S  253.28  0.4gl' 079  white powder

(SMX)

Apart from the benzotriazoles good corrosion protection are other factors that favors their
use in a wide range of applications: they are very cheap with around 5 € kg (personal
communication [62]), are well water soluble (see Table 1.1) and very easy to use as they can
be applied as aqueous solution. These factors make the three benzotriazoles inevitable for
various applications such as additives to dishwashing detergents [63], cooling and metal
working fluids [64], UV-filters and sunscreen agents [65, 66], additive to anti-freeze fluids
[671], as antifoggant in photography applications [68], for conservation purposes of antiques
[69]. Moreover, they are contained in cosmetics, skin creams, and body lotions as stabilizers
[65]. Their diverse application and weak retention during wastewater treatment result in

their almost omnipresent occurrence in all larger aquatic systems across Europe [53] and
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implies the need for research on how to improve their elimination during wastewater

treatment.

1.4 SULFAMETHOXAZOLE — APPLICATION AND MECHANISM OF ACTION

The discovery of penicillin in 1929 by Alexander Fleming [70] completely changed our view
on infectious diseases that suddenly became curable, contributed to new insights into
microbiological biology and shifted patients’ expectations and structures of drug companies
[71]. After the first euphoria the development of new antibiotics ceased and drug companies
shifted focus onto more profitable sectors like the development of drugs for cancer and heart
diseases [72]. For that reason almost the same antibiotics with similar modes of action have
been used over the last decades [73] that allowed for the development of various bacterial

resistances against almost all classes of antibiotics as well as multi-drug-resistant bacteria

[74].
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Figure 1.3 A and B — Structures of A) sulfamethoxazole (SMX) and B) trimethoprim
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Therefore, the sulfonamide antibiotic sulfamethoxazole (Figure 1.3 A, Table 1.1), a
commonly applied antibiotic to treat human urinary tract infections or pneumonia [75], is
no longer potent enough and thus only applied together with trimethoprim (Figure 1.3 B).
This combination, commonly known as co-trimoxazole (SXT, TMP-SMX, TMP-SMZ or TMP-
sulfa), is preliminarily used to treat a large variety of bacterial infections as this combination
was more effective than each of its components [76]. Sulfamethoxazole is a structural analog
and competitive antagonist of para-aminobenzoic acid (PABA) and prevents the formation of
folic acid that is implicitly required for DNA synthesis (Figure 1.4 B). Trimethoprim, in
contrast, binds the dihydrofolate reductase and inhibits the reduction of dihydrofolic acid to
tetrahydrofolic acid (Figure 1.4 A). Both antibiotics inhibit the formation of folic acid and
thus are characterized as bacteriostatic, i.e. they do not kill the bacteria (bactericide) but
prevent further growth. Bacterial cells must synthesize folic acid as they are not able, unlike

humans, to up take that important molecule in form of vitamin Bq [77].
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Due to SMX’ great and widespread application to treat human as well as animal infections
worldwide [78], sulfonamide resistances are omnipresent among various bacterial species
[79]. The mechanisms to cause sulfamethoxazole resistance in bacteria leads to the
formation of an altered dihydropteroate synthase (Figure 1.4) with a reduced affinity for
sulfamethoxazole but an increased affinity for PABA. The expression of that altered enzyme
is based on two different mechanisms: A) By expression of plasmid-coded genes named
Sull, Sul2 and Sul3 and B) by mutation of the folP gene on the chromosomal DNA [80].
While the dissemination of the folP gene is limited to vertical gene transfer, the plasmid
coded Sul genes are easily spread among different bacterial species by horizontal gene
transfer and can induce a fast adaption of various bacteria to sulfamethoxazole as was

recently shown for soil microbial communities and the Sul1 gene [81].

A B
dihydropteroate diphosphate dihydropteroate diphosphate
+ +
p-aminobenzoic acid (PABA) Sulfamethoxazole (SMX)

dihydropteroate
synthetase

dihydropteroate dead-end product
+
glutamate

dihydrofolate
synthetase

dihydrofolate

Trimethoprim Trimethoprim/

+ . dihydrofolate
. —— dihydrofolat Y
dihydrofolate Irg’ dt:(c)t:s: ¢ reductase
reductase

tetrahydrofolate

Figure 1.4 A and B — Pathway of tetrahydrofolate synthesis in bacterial cells.
A) Valid pathway (bold arrows) and blocked pathway by trimethoprim and B) blocked pathway by
sulfamethoxazole.

These general concerns about antibiotic resistances that might spread among different
bacteria due to the low retention of sulfamethoxazole during wastewater treatment imply the

need for further research on sulfamethoxazole biodegradation.

1.5 GENERAL OBJECTIVES AND SCOPE OF THIS WORK

Previous studies on benzotriazoles mainly focused on monitoring and comparing different
wastewater treatment systems for their effectiveness in removing BTri, 4-TTri and 5-TTri,

whereas in many reports 4-TTri and 5-TTri were not monitored separately but only as the




Chapter 1 — Introduction

mixture tolyltriazole (TTri) [17, 53]. These monitoring approaches in wastewater treatment
plants only compared the influent and effluent BTs concentrations without taking into
account the contribution of the different treatment stages [26, 82]. However, knowledge
about the contribution of the treatment stage could significantly improve the removal of BTs
as it would allow adapting the treatment system for an optimized BTs elimination.
Furthermore, this knowledge would allow to identify the main elimination process, e.g.

biodegradation, sorption, photolysis, that occurs in the different stages.

Further studies reported the possible sources of BTs in the aquatic systems as there are
dishwashing detergents [83], industry [84, 85], food processing companies as they use BTs
in their cooling systems [86] and BTs as additives to deicing/antifreeze formulations [87, 88].
Additionally, recent laboratory studies, conducted with AS and focusing on the
biodegradation of BTri and 5-TTri, showed that these compounds behave differently during
biodegradation under aerobic, anoxic and anaerobic conditions [89, 90]. However,
investigations on the removal of 4-TTri are still missing and so do studies taking into account

the applied nutrient conditions or differences arising from the sludge origin.

Sulfamethoxazole, in contrast to the BTs, is a well-characterized antibiotic that shows a
good removal due to biodegradation during wastewater treatment [51] as well as in
laboratory experiments conducted with activated sludge [50]. Although the mode of action
and the resistances in bacteria for SMX are well understood, knowledge on biodegrading
species, biodegradation pathways, and optimization of its removal, especially during
wastewater treatment, still lacks a lot of understanding. However, this knowledge would
permit to specifically improve SMX removal or assess the risks that might arise from the

formation of stable transformation products formed during biodegradation.

Shedding light on this lack of knowledge was one purpose of this thesis. The second chapter
describes an easy-to-perform and cost-efficient approach to screen for biodegradation of
both compounds, BTs and SMX. This methodology allowed selectively screening for
potential biodegrading communities /pure cultures and optimizing their biodegradation
potential by adjusting nutrients concentrations and biomass acclimation. To study the
biodegradation potential of different ASCs, three different wastewater treatment plants were
sampled and monitored for their BTs concentrations as described in chapter three. This
monitoring approach should extend our knowledge of BTs removal during wastewater
treatment by considering the contribution to removal of both different treatment stages and

treatment systems.
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This monitoring laid the foundation for the biodegradation experiments carried out. They are
presented in chapter 4. Biodegradation experiments are also known from literature.
However, the influences of nutrients or, especially the concentrations of carbon and
nitrogen sources, were never investigated in detail but would lead to a better understanding
on how to improve BTs removal. To further improve the biodegradation capacity of ASC,
especially towards 5-TTri, specific experiments to increase 5-TTri biodegradation were
performed as described in chapter five. Acclimation was used to increase 5-TTri removal
with ASCs that already had the ability to biodegrade 5-TTri. Additionally, experiments with
high concentrations of nitrogen and a sludge-derived supplement were assumed to show the

effect of nutrients on the ASCs” 5-TTri degradation capacity.

Although many studies are available on BTs’ removal in WWTPs, no study up to now
describes the bacterial structure of a BTs biodegrading community. The last chapter on BTs,
chapter six, characterizes the structure and composition of a 5-TTri biodegrading ASC by
means of metagenomic and metatranscriptomic analyses that are compared to commonly

used DGGE approaches.

Chapter seven finally describes the possibility to screen for SMX biodegrading pure cultures
by means of the methodology evaluated in chapter two as well as classical microbiological
techniques that are, after all, still the only way to select for pure cultures. This chapter
describes how to isolate and characterize pure cultures of SMX biodegrading organisms. The
species found are compared regarding their biodegradation potential by using different

nutrients especially focusing on the effect of carbon and nitrogen supply.

To sum it up, this thesis consists of three main parts: A) Evaluation of an easy-to-use
screening technique for BTs and SMX biodegradation, B) monitoring and characterization of
BTs biodegradation in WWTPs and laboratory setups and C) isolation, identification and
characterization of bacterial cultures able to biodegrade SMX. This knowledge should allow
improving BTs and SMX removal during wastewater treatment and provide information

about the necessary conditions.




Chapter
2

Screening and Monitoring Microbial Xenobiotics’
Biodegradation via Rapid, Inexpensive and Easy to Perform

Microplate UV-Absorbance Measurements (UV-AM)

Evaluation of xenobiotics biodegradation potential, shown here for benzotriazoles (corrosion
inhibitors) and sulfamethoxazole (sulfonamide antibiotic) by microbial communities and/or
pure cultures normally requires time intensive and money consuming LC/GC methods that
are, in case of laboratory setups not always needed. By use of high concentrations to apply a
high selective pressure on the microbial communities/pure cultures in laboratory setups, a
simple UV-absorbance measurement (UV-AM) was developed and validated for screening a
large number of setups, requiring almost no preparation and significantly less time and
money compared to LC/GC methods. This rapid and easy to use method was evaluated by
comparing its measured values to LC-UV and GC-MS/MS results. Furthermore its application
for monitoring and screening unknown activated sludge communities (ASC) and mixed pure
cultures has been tested and approved to detect biodegradation of benzotriazole (BTri), 4-
and 5-methyl-benzotriazole (4-TTri, 5-TTri) as well as SMX. In laboratory setups, xenobiotics
concentrations above 1.0 mg L' without any enrichment or preparation could be detected
after optimization of the method. As UV-AM does not require much preparatory work and
can be conducted in 96 or even 384 well plate formats, the number of possible parallel
setups and screening efficiency was significantly increased while analytic and laboratory

costs were reduced to a minimum.
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2.1 INTRODUCTION

Evaluation and monitoring of the biodegradation potential of different activated sludge
communities (ASC) as well as other microbial systems is often time consuming and money
intensive. Mostly techniques like LC-MS/MS or GC-MS/MS are applied for determination of
concentrations of various compounds and, to a lesser extent, also LC-UV. When very low
concentrations (ug L or ng L") need to be measured these techniques are the only option,
but in many laboratory biodegradation setups under standardized conditions much higher
concentrations in the mg L range are used. Furthermore, for pre-testing biodegradation
potentials in a large number of setups, LC/GC methods require too much time and are often
not necessary as knowing exact concentration values are not needed as it is sufficient
enough to know whether biodegradation occurs or not. Therefore, a rapid, easy to use and
inexpensive technique is required to screen a large number of different setups for their
biodegradation potential towards different xenobiotica. In a research project benzotriazoles
(BTs) and the antibiotic sulfamethoxazole (SMX) were used as xenobiotica to evaluate their

biodegradation pattern in laboratory setups.

These xenobiotic compounds are polar micropollutants with a wide spectrum of use. BTs are
extensively used as corrosion inhibitors [65] while SMX, although mainly applied in
veterinary medicine in Germany, is still one of the most commonly used antibiotics
worldwide to treat human infections [91, 92]. Both compounds show high water solubility,
an ubiquitary occurrence in almost all water bodies and an incomplete biological removal
[16, 84, 90, 93-95]. Former studies already reported that wastewater treatment plants
(WWTP), which receive domestic and industrial wastewater, constitute one major point
source for these compounds to be released into the aquatic environment [96-99]. Therefore,
biodegradation studies, performed under specific laboratory conditions to exclude abiotic
processes, are implicitly required to gain information about the biological removal potential
of ASCs as they are one way to reduce the input of these compounds into aquatic
environmental systems [34, 100, 101]. Laboratory experiments already showed a completely
different removal behavior of benzotriazole (BTri), 4- and 5-methyl-benzotriazole (4-TTri, 5-
TTri) [102] but biodegradation conditions remain rather unclear. SMX, in contrast, showed
sometimes an almost complete removal in lab-scale setups inoculated with ASCs and/or
mixed cultures under different conditions tested [50, 103]. Furthermore only little
information is available on individual organisms being capable of SMX biodegradation as
well as biodegradation potential under different redox and nutrient conditions [52, 104,

105].




Chapter 2 — Screening Microbial Xenobiotics’ Biodegradation

To address the need for a rapid screening, this study provides a simple and inexpensive
method to evaluate the potential of ASCs, mixed bacterial pure culture communities as well
as single pure culture bacteria to biodegrade BTs and SMX. A test system for biodegradation
detection that requires almost no preparation, uses simple UV absorbance measurements
(UV-AM), and can be performed in microplate setups was developed and evaluated by
comparing its results with LC-UV and GC-MS/MS. That system allows screening a large

number of setups, minimizing laboratory costs and experimental time.
2.2 MATERIALS AND METHODS

2.2.1 Chemicals and Glassware

1-H-benzotriazole (BTri) and tolyltriazole (TTri), consisting of 4-methyl-benzotriazole (4-
TTri) and 5-methyl-benzotriazole (5-TTri) (40%/60%, w/w), were provided by Cimachem
GmbH (Kirchheimbolanden, Germany). 5-TTri, 4-TTri (as separate compounds) and
sulfamethoxazole (SMX) were obtained from Sigma Aldrich (Steinheim, Germany) as well as
sodium carbonate solution and toluol. All other chemicals were purchased from Merck
KGaA (Darmstadt, Germany). High-purity water used for media, solutions, buffers, and
analyses was prepared by a Milli-Q system (Millipore, Billerica, MA, USA). All used
glassware was from Schott AG (Mainz, Germany) and pre-cleaned by an alkaline detergent

(neodisher®, VWR Darmstadt, Germany) followed by autoclaving for 20 min at 121°C.

2.2.2  Activated Sludge (AS)

AS was taken from biological stage 1 of a 2-stage municipal conventional activated sludge-
plant (CAS-M) that is treating 1 million population’ equivalents. The influent consists of
municipal as well as up to 50% industrial wastewater. 500 mL AS were collected for reactor

inoculation in pre-cleaned 1L glass bottles, stored at 4°C and used within 24h.
2.2.3  Experimental Setup

2.2.3.1 Inocula and Media

Biodegradation capabilities of AS towards BTs and SMX were tested in separate setups. Fresh
AS was centrifuged (10 min, 4000 g), the supernatant discarded and the remaining biomass
washed with 1xPBS-Buffer (NaCl (8.0 g L"), KCI (0.2 g L"), Na,HPO, (2.7 g L), KH,PO,
(0.2 g L'™"). The procedure was repeated twice to remove wastewater residues. 20 mL of one
of the three liquid media (Table 2.1) were inoculated to an initial concentration of 0.5 g L
MLSS (mixed liquor suspended solids), 2.0 g L' MLSS and 3.5 g L' MLSS, respectively.

These media, different in nutrient composition, were used for detection of BTs and SMX
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biodegradation by UV-absorbance measurements (Table 2.1). Media were adapted to fit the
needs of UV-AM and determine variations in BTs and SMX biodegradation concerning

availability of nutrients, degradation rate and test reliability of UV-AM.

Table 2.1 — Media characterization, xenobiotic application setup and background absorbance at two
different wavelengths used for monitoring xenobiotics’ biodegradation.

xenobiotics’ absorbance
media components [g L] pH application [nm]
el 257 262

KH2PO4 (008), KzHPO4 (02), NazHPO4

(nr:/i‘r?gr‘al (0.3), MgSO,*7 H,0 (0.02), CaCl,*2 H,0 7.4 éirl]g %Tﬁ ;s 0.07  0.07
. (0.04), FeCl;*6 H,O (0.003), Hoagland trace ) ’ ’
salt media) source

elements (0.1 mL L")

ASHEN as MSM including: sodium acetate (0.5) and xenobiotics

(+Cand 7.4 Co- 0.08 0.09
N) NH.NO; (0.01) metabolism
foster growth
RIA-UV casein peptone (1.0), glucose (0.5), sodium of many
acetate trihydrate (0.5), KH,PO, (0.3), organisms,
(for UV- 7.2 S 0.53 0.56
AM) soluble starch (0.3),Hoagla1nd trace elements xenobiotics
O.1mLL") co-
metabolism

2.2.3.2 Batch Tests

Reactors, inoculated to one of the mentioned MLSS concentrations, were set up in parallel.
Each media was spiked with BTri, 4-TTri, 5-TTri and SMX at concentrations of 1, 10, 25, 50
and 100 mg L. Experiments were performed with R2A-UV media for optimal growth
conditions, MSM-CN for testing the need of carbon/nitrogen and MSM for highly selective
growth conditions due to nutrient depletion. Concentrations of BTs/SMX were varied to
ensure acclimation and increased selectivity. In total 630 experiments were set up (7
compounds, 5 concentrations, 3 media, 3 different MLSS concentrations, each in 2

parallels).

All experiments were carried out in the dark to avoid photolysis. Aerobic conditions were
ensured by shaking the reactors at 150 rpm on an orbital shaker. Temperature was kept

constant at 20°C (+ 2°C), pH controlled to be in the range of 7 to 8.

All experiments were performed until absorbance reached a stable and distinctly lower
value compared to the initial one. In case no change in absorbance was detected, the

experiment was stopped after a maximum of 56 days.
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2.2.3.3 Sampling and Sample Pre-Treatment

Sampling of the reactors and detection of biodegradation by UV-AM was carried out once a
day. 1.0 mL supernatant was taken from each reactor after 30 min sedimentation to reduce
biomass withdrawal and media turbidity. 200 uL were used for UV-AM, 800 pL for LC-UV
(SMX) or GC-MS/MS (BTs) analyses. Samples for UV-AM were analyzed the same day,

remaining samples were stored frozen at -20°C until analysis.
2.2.4  Analyses of SMX and BTs

2.2.4.1 UV-AM Microplate Test System

200 pL were taken from the reactors and directly used for measurement. Centrifugation (10
min, 8,000 g, 20°C) and/or filtration (0.25 um, PTFA syringe filter) were applied in case of
high cell density (high turbidity) to remove cells and/or cellular debris. Analyses were
performed in 96 well plates with a UV-permeable bottom foil (lumox® multiwell, Sarstedt
AG, Niirnbrecht, Germany) using an automated plate reader (EnSpire® Multimode Plate
Reader, Perkin Elmer, Rodgau, Germany). UV spectra of all used compounds from 230 to
330 nm at 10 mg L™ in pure water and the three used media were recorded and absorbance
maxima of the substances determined. Calibration was carried out for all tested compounds
with 0.1, 1.0, 5.0, 10.0 and 20.0mg L" in pure water and used media. Background
absorbance of used 96 well UV-plates filled with 200 pL high-purity water (=working
volume) was 0.07— 0.09 units. Linear absorbance, due to the internal calibration of the
reader itself, was ensured when the absorbance lay within a range of 0.2 to 1.0 absorbance
units. For each measurement a blank (media and xenobiotic, without biomass) was
measured to detect changes over time as well as a zero blank (only media) to detect

background absorbance.

2.2.4.2 GC-MS/MS and LC-UV Analyses

Samples from the reactors were centrifuged (10 min, 8,000 g, 20°C), filtered through an 0.45
um PTFE filter, filled into sterile glass flasks for LC/GC, and stored in the dark at -20°C upon

analysis.

LC-UV measurements were performed with a Dionex 3000 series HPLC system (Dionex,
Idstein, Germany), equipped with an autosampler. DAD scanning from 200 to 600 nm was
applied to detect and quantify SMX. Limit of quantification and limit of detection were 0.1
mg L™ and 0.03 mg L™, respectively.
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Chromatographic separation was performed on a Nucleosil 120 - 3 C18 column (250 mm x
3.0 mm i.d., 3 pm particle size) from Macherey Nagel (Diren, Germany). Column
temperature was 25 °C. The mobile phases were acetonitrile (AN) and water (pH 2.5 using
phosphoric acid). The gradient used was 0-5 min, 7% AN; 5'8 min, 7-30% AN; 18-30 min,
30% AN; 30-35 min, 7% AN. The solvent flow rate was 0.6 mL min™. The column was

allowed to equilibrate for 5 min between injections.

For GC-MS/MS measurements, chemical preparation and determination of the BTs’
concentration in the liquid samples were performed according to Liu et al. (2011), with the
following steps: all samples were derivatised with acetic anhydride and extracted with
toluene. The calibration curve was determined with aqueous solutions containing 0.1, 1.0,
6.25, and 25 mg L™ of the three analytes BTri, 4-TTri, and 5-TTri. These three solutions,
high-purity water serving as a blank, and the prepared samples were spiked with an internal
standard solution (5,6-dimethyl-benzotriazole in sodium carbonate solution) containing the
same concentration as used for the calibration curve. The extracts were analyzed by GC
tandem mass spectrometry (GC-MS/MS) on a Saturn 2200, Varian (Agilent Technologies
Deutschland GmbH, Boblingen, Germany) equipped with an ion trap. Limit of
quantification and limit of detection for this setup were 0.1 ng L' and 0.01 ng L,
respectively. Compound separation was accomplished on a VF-5ms column from Varian (30
m x 0.25 mm, film thickness 0.25 pm) perfused by helium as the carrier gas at a constant
flow rate of 1.5 mL min"'. The temperature profile started at 65°C (held for 4 min), was
increased by 12°C min™ to 200 °C, and was finally set to 300°C at a rate of 40°C min™' (held
for 6 min). Operation mode of the MS/MS was resonance excitation of the characteristic
precursor ions of the analytes and the internal standard. Injection was performed splitless
ranging from 1.0 to 9.0 uL sample volume (large volume liner, Varian 1079 programmable
injector). Blanks were analyzed to check for possible contaminations of the experimental

samples and to verify the accuracy of the method itself.
2.3 RESULTS AND DISCUSSION

2.3.1 Evaluation of UV-AM

Evaluation of the UV-AM method was performed regarding the following aspects: a) fate of
the parent substances by monitoring the change in absorbance due to removal, b) screening
for potential transformation products with spectral scans and c) optimization of cultivation

media to meet the requirements for application in UV-AM.
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2.3.2 Parent Substances

The spectra of the selected compounds were taken in high-purity water to find maximum
absorbance and to test whether the used concentrations show sufficient absorbance values
for reliable measurements (Figure 2.1 A). Calibration followed to evaluate the compounds
behavior in plastic microplates and their absorbance values at different concentrations both
in high-purity water (Figure 2.1 B) and the used media (Figure 2.2 for SMX; BTs not shown
as their pattern was the same). Absorbance curves and absorbance maxima were different
for the xenobiotic compounds analyzed (Table 2.2, Figure 2.1) and an optimal absorbance
range for direct measurement was obtained for concentrations from 2-20 mg L™ for all tested

xenobiotics.

Table 2.2 — Maximum absorbance (abs.,) wavelength of tested xenobiotic compounds and
corresponding absorbance value for 10 mg L™

. absorbance value
absorbance maximum

analyzed compound (abs,..)[nml [;;k())sr,?r;ig ff']r]
BTri 253/260 0.52
TTri 263 0.49
4-TTri 262 0.48
5-TTri 264 0.49
SMX 257 0.57

Maximum absorbance values, correlating with the used concentration of xenobiotic
compounds, should lay within 0.2 and 1.0 for optimal measurement according to the plate
reader setup. Otherwise dilution or higher sample volumes, to increase thickness, have to be
used. Absorbance maxima for the used xenobiotics were evaluated (Table 2.2) and
subsequently used for single wavelength measurements. Thus, SMX was measured at 257
nm and the BTs at 262 nm (mean value, Figure 2.1). It was not possible to screen for
biodegradation in setups containing more than one of the tested xenobiotic compounds as
they could not be separately detected in mixed setups (see Figure 2.1 A, BTs). Therefore,
only one compound per setup could be monitored. Subsequent calibration was performed
using 257 and 262 nm to approve the reliability of UV-AM with different concentrations and
different media. SMX and the BTs absorbance values behaved linear related to concentration

in pure water (Figure 2.1 B).
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Figure 2.1 A and B — A) UV-absorbance spectra of tested xenobiotic compounds in pure water at
10mgL’".

Absorbance maxima are given in Table 2.2. B) Calibration curves of BTri, 4- and 5-TTri, TTri and
SMX in pure water. Concentrations were 1.0, 5.0, 10.0, 15.0 and 20.0 mg L. Absorbance was
measured at 257 nm (SMX) and 262 nm (BTs). Mean values (n=3) are shown, standard deviations too
small to be shown (below 1%). Solid lines were fitted by a linear function with R? values being
>0.99.
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Figure 2.2 - Effect of used media on UV-absorbance.

Shown are, as all other compounds behaved similarly, calibration curves for SMX in pure water and
the three media R2A-UV, MSM-CN and MSM (Table 2.1). SMX concentrations were 1.0, 5.0 and
10.0 mg L. Mean values (n=3) are shown, standard deviations below 1%.

When tested in different media (Figure 2.2 for SMX, BTs same behavior, data not shown), the

media composition showed no effect on absorbance linearity but increased the background
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absorbance (Figure 2.2) in case of R2A-UV as it contains a high amount of complex
nutrients. Substrate consumption and growth of biomass influences on UV-AM could be
ruled out by relating xenobiotics containing approaches to blank setups without xenobiotics.
MSM and MSM-CN showed the same low absorbance as high-purity water as they just
contained mineral salts. Therefore, detection of all tested xenobiotic compounds was

possible in pure water as well as in the used media by UV-AM.

2.3.3  Screening for Transformation Products

During biodegradation, the molecular structure of the xenobiotic compounds is changed
and transformation products might be formed as already shown for SMX [50, 105, 106].
Thus, a change in absorbance might happen that could be observed by spectral scans.
Screening for potential transformation products that might exhibit different spectra were
performed whenever fast biodegradation was detected, i.e. a significant decrease in
absorbance values was observed. Therefore, unnaturally high concentrations up to 100 mg
L were tested as transformation products normally appear in very low amounts [66].
Unfortunately, even if it should theoretically be possible to detect transformation products
by UV-AM spectral scans, it was, under the given experimental conditions, not possible to
screen for potential biodegradation products/intermediates. Even for SMX, where already
some biotransformation products are known [50, 103, 105], no detection was possible as

UV-AM, in this setting, was not sensitive enough to detect transformation.

2.3.4  Optimizing Media for UV-AM

Measurements at xenobiotic-specific wavelengths and under specific laboratory conditions
allowed detection of biodegradation in concentrations above 1.0 mg L (Figure 2.1 B) as
absorbance values are related to compounds concentration. It was possible to detect relative
changes in the compounds concentration but optimizations were necessary as the used
media strongly influenced UV-AM in two ways: 1) High background. Especially original R2A
media showed high background absorption due to the nutrient composition. 2) Biomass
growth. Available nutrients led to biomass growth and thus increased absorbance (Table 2.1)
as at 257 and 262 nm also DNA, cells, and cell-particles show an absorbance [107]. Media
containing components, e.g. yeast extract or peptone, show high media background
absorbance and foster biomass growth but are not well suited for UV-AM as background
absorbance can superimpose potential biodegradation. Nevertheless, these media enable
growth of a high diversity of organisms and contain complex nutrient sources that may
enhance cellular activity and thus biodegradation. As already shown for SMX, sufficient

nutrient availability can foster biodegradation [50].
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Therefore, original R2A media, being necessarily used for its complex nutrient composition
had to be optimized as it showed absorbance values around 3.40 units. The two MSM
media already showed very low absorbance values around 0.08 and could be used without
changes. The exchange of nutrients in original R2A without changing the total nutrient
concentration led to development of R2A-UV media and a decrease in background
absorbance from 3.40 to 0.54 units (composition see Table 2.1, exchanged nutrients in
bold). In media or water without biomass, xenobiotics’ concentrations could be measured,
but as growth of organisms influences absorbance exact concentrations” determination could
not be provided with extensive biomass growth in the setup. Therefore, it was necessary to
test the influence of biomass on UV-AM. Nevertheless UV-AM was applicable for fast and
inexpensive detection of relative changes in xenobiotics” concentrations within the applied

media given the restriction that only one compound can be used per biodegradation setup.
2.3.5  Screening ASCs for Xenobiotic Biodegradation

2.3.5.1 UV-AM Evaluation with Biomass

After detection of a decrease in UV-absorbance indicating biodegradation, these setups were
analyzed by LC-UV for SMX and GC-MS/MS for BTs to validate UV-AM in different matrixes
and relate absorbance with exact concentrations. If a screening in biomass-containing setups
is possible, UV-AM can significantly increase performance while reducing analytical costs

(Table 2.3).

Table 2.3 — Comparison of UV-AM with LC-UV and GC-MS/MS measurements regarding time needed
for analyzes and costs per sample

benzotriazoles sulfamethoxazole
GC- GC-
V-AM LC-UV V-AM LC-UV
v ‘ v Msms | ‘ v MS/MS

time per sample [min] <1 = 20 <1 5 -
costs per sample [€] 0.12 - 40-60 0.12 30-40 -
measurement of yes ) yes e -~ )
biodegradation

measurement of difficult - yes difficult yes -
concentrations

labor intensive no = yes no yes -
time intensive no - yes no yes -
monitoring yes ) yes yes - )
biodegradation
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All' ASCs were able to biodegrade most of the tested compounds under aerobic conditions in
R2A-UV media, regardless the initial MLSS concentration. Degradation was observed with
xenobiotic concentrations of 10 mg L and it was possible to compare different initial
biomass concentrations. Incubation times until degradation was detectable with UV-AM
varied with the tested compound and initial biomass concentration. Chosen setups were
analyzed in a biodegradation time series by both UV-AM and LC-UV or GC-MS/MS to test
the reliability of UV-AM results (Figure 2.3).
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Figure 2.3 - Correlation of UV-AM results with LC-UV and GC-MS/MS analyses.

A) Shown is SMX biodegradation in R2A-UV media with two different MLSS concentrations (2.0 and
3.5 g L' MLSS). Initial SMX concentration 10 mg L. Dotted lines show the measured SMX
biodegradation detected with UV-AM, columns represent SMX concentration measured with LC-UV.
B) The same is shown for 5-TTri (initial concentration 10 mg L'1, measured with GC-MS/MS)
biodegradation with initial MLSS concentration of 0.5 g L. Shown are mean values of duplicate
experiments with error bars indicating standard deviations (n=2).
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Double measurements using UV-AM and LC/GC methods showed that SMX as well as BT
biodegradation could be detected by UV-AM as the decrease in absorbance values could be
correlated to the declined SMX and BTs’ concentrations determined by LC and GC
measurements. Even in experiments with a high biomass concentration of 3.5 g L' MLSS
(Figure 2.3 A), the decrease in UV-AM fitted the measured values in LC-UV, but the
background was increased significantly probably due to solved compounds originating from
the AS inoculum (see Figure 2.3 A, at day five background absorbance of 0.56 units with all
SMX being biodegraded). In contrast, the 5-TTri setup carried out with only 0.5 g L' MLSS
(Figure 2.3 B) after 5 days of incubation showed hardly any background absorption.
Therefore, this lower MLSS concentration seems to be more useful for UV-AM. Nevertheless,
high MLSS concentrations, as they are used in WWTPs, had to be tested to evaluate if UV-
AM can also be used directly for screening ASC for their biodegradation potential. Even with
high biomass density, a proper sedimentation provided, UV-AM represented a fast and cost-
effective way to screen for biodegradation (Table 2.3). Screening 96 samples with UV-AM,
including sample preparation, took around 30-40 min and required costs of around 12 €.
Compared to LC-UV or GC-MS/MS this is a significant saving in time and money when

concentrations are high enough in laboratory experiments (Table 2.3).

2.3.5.2 UV-AM for Detection of Xenobiotics’ Biodegradation under Different Nutrient

Conditions

Another advantage of UV-AM was the possibility to screen for differences regarding nutrient
concentration and biomass concentration. Figure 2.4 A and B show for SMX (BTri not shown
as it behaved similarly) two setups differing in nutrient concentration (MSM or MSM-CN
media) and biomass amount (2.0 or 3.5 g L™ MLSS). It became clear that in MSM-CN
biodegradation did not require any acclimation, it started right after inoculation, presumably
due to the microorganisms” higher activity and showed a more constant and linear removal.
In MSM an acclimation period of almost four days was observed followed by a very rapid

SMX removal within four days.

Another finding was that a higher biomass concentration positively affected biodegradation
as setups with 3.5 g L' MLSS worked slightly better in both duplicates. This effect was rather
clear for MSM-CN but with nutrients shortage in MSM, biomass concentration did not have
that effect on biodegradation as the general activity was lower and thus more time for

acclimation required.

In both setups SMX was biodegraded in around 8 days. Additional experiments were

performed regarding nutrient composition and initial biomass concentration (Table 2.4).
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Only initial xenobiotics” concentrations were measured by LC/GC and a large number of

setups were screened for their biodegradation potential. As Table 2.3 also shows, a lot of

setups could not be measured as background absorption was too high for detection of

changes in absorbance values. Especially setups with 1 mg L' initial xenobiotics’

concentration were superimposed by higher background absorbance due to biomass

concentration.
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Figure 2.4 A and B - Time series of SMX biodegradation with activated sludge communities in MSM-
CN (A) and MSM (B) as detected by UV-AM.
Initial SMX concentration 20 mg L. Shown are mean values of SMX absorbance in duplicate
experiments with error bars indicating standard deviations (n=2).
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Table 2.4 - Biodegradation and time needed for absorbance decrease in the different ASC setups using
different media, biomass concentration and initial xenobiotics” concentrations. Shown are BTri, 5-TTri

and SMX. 4-TTri was not biodegraded and is thus not shown.

. initial | biodegradation
concentration owest absorbance .
Xenobiotic Ime L] MLSS decrease of i value achieved after ~ confirmed by
8 [gL'] absorbance values [d’ LC /GC
R2A-  MSM- R2A-  MSM-
uv CN MSM uv CN MSM
1 0.5 yes yes yes 10 12 13 yes
1 2.0 nd. nd nd na  na n.a. no
1 3.5 nd. nd nd na na na yes
BTri
10 0.5 yes yes yes 15 16 18 yes
10 2.0 yes yes yes 14 12 13 yes
10 3.5 nd. nd nd na na  na yes
1 0.5 yes yes yes 10 8 7 yes
1 20 nd. nd  nd  na  na  na no
1 3.5 nd. nd nd na na  na yes
5-TTri
10 0.5 yes yes yes 10 9 9 yes
10 2.0 yes yes yes 8 8 8 yes
10 3.5 nd. nd  nd na  na n.a. yes
1 0.5 yes yes yes 4 3 4 yes
1 2.0 nd. nd  nd na  na n.a. no
1 3.5 nd. nd nd na na  na no
SMX
10 0.5 yes yes yes 6 5 8 yes
10 2.0 yes yes yes 3 8 8 yes
10 3.5 yes yes yes 4 8 8 yes

n.d. — no biodegradation determination possible, background due to biomass concentration too high
n.a. — not applicable as no biodegradation could be detected by UV-AM

' change in UV-AM indicates biodegradation

*time needed to achieve a stable value in UV-AM after a change in absorbance
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2.4 CONCLUSIONS

A UV absorbance measurement technique was developed as a pre-test for the evaluation of
xenobiotics’ biodegradation potential. UV-AM approved time- and cost-saving, reproducible
and reliable to screen a large number of different laboratory setups within short time.
Obtaining fast results in biodegradation experiments is possible with the premise that the
concentrations of the tested compounds are within the range of 1.0 to 20.0 mg L.
Additionally, specific media were used to reduce both, background absorption and biomass
growth. As a limitation only one compound could be used per biodegradation setup, e.g.
benzotriazole, 4-methyl- and 5-methyl-benzotriazole or sulfamethoxazole could be
analyzed by UV-AM to identify biodegradation potential. It was possible to detect
xenobiotic biodegradation in reactors inoculated with activated sludge. Validation of UV-
AM results was performed by comparing the values with either LC-UV for SMX or GC-
MS/MS for benzotriazoles. Due to the use of microplates an “easy to handle” system
allowing high throughput screening was established. 96 well or even 384 well plate formats
can be used, requiring less time and saving laboratory costs. Most important, it is possible to
pre-select biodegrading communities, optimize the conditions for biodegradation with
respect to nutrient concentration and activated sludge inocula and monitor biodegradation
over time and to screen pure culture setups for their biodegradation potential. This
minimizes required time and costs for LC or GC measurements as only setups showing a
decrease in absorbance need to be further analyzed and can be used in subsequent
biodegradation experiments. However, high biomass concentrations turned out
disadvantageous as they created a high background absorbance and thus superimposed UV-
AM. Therefore, UV-AM should not be used for exact concentrations measurements.
Nevertheless, relative changes in xenobiotics’ concentrations could be detected which is
usually sufficient as for pre-selections or monitoring approaches exact concentrations are not

needed.
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Chapter
3

Monitoring Benzotriazoles: a One Year Study on
Concentrations and Removal Efficiencies in Three Different

Wastewater Treatment Plants and their Receiving Waters

Benzotriazole (BTri), 4- and 5-methyl-benzotriazole (4-TTri, 5-TTri) were monitored over
one year in three wastewater treatment plants (WWTP) with a membrane bioreactor (MBR-
MH) and two conventional activated sludge systems (CAS-E, CAS-M). Influent/effluent
concentrations, treatment stages removal efficiencies and impact on the receiving rivers
were monitored. 5-TTri was removed best with a mean of 75% in the WWTPs mainly by
biodegradation in the aeration tanks compared to BTri (mean total removal of 45%) and 4-
TTri (mean total removal of 15%) that showed significant lower eliminations. High removal
fluctuations for all three benzotriazoles occurred over the four seasons with lowest removal
during winter. All three WWTPs constituted a point source for BTs in the aquatic
environment as concentration measurements in the receiving rivers up- and downstream the
WWTPs demonstrated. Mean downstream benzotriazole concentrations were 3.58 ug L' for
MBR-MH and 1.1 ug L' for CAS-M. CAS-E only slightly increased downstream
concentrations up to 0.64 ug L as the receiving river was already contaminated with
benzotriazoles (mean 0.49 pg L') from hydropower. 5-TTri was detected in lowest
concentrations due to its good removal compared to BTri and 4-TTri that contribute to high
effluent concentrations with the potential to accumulate in the aquatic system due to
insufficient self-purification.
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3.1 INTRODUCTION

The xenobiotic compounds benzotriazole (BTri) as well as 4- and 5-tolyltriazole (4-TTri, 5-
TTri), summarized here as BTs, are polar micropollutants commonly used as corrosion
inhibitors [60]. Commercially available tolyltriazole (TTri), a mixture consisting of 4- and 5-
TTri (40/60%) is widely used in metal finishing and corrosion protection in cooling systems
[108]. BTri is found in dishwashing detergents [83] but also as additive to aircraft deicing or
breaking fluids[88], for silver protection [63] and UV filter and/or sun screen agent [109].

Production volumes of 9,000 tons per year in the United States categorizes these BTs as

‘high production volume chemicals’ [99].

Their widespread usage, polar nature (logD 1.44 and 1.71 for BTri and TTri, respectively)
and their good water solubility of 19.0 (BTri), 6.0 (5-TTri) and 0.25 (4-TTri) g L' implicates
their almost omnipresent occurrence in all larger freshwater aquatic systems across Europe
[94]. All three BTs were recently detected in groundwater with concentrations up to 1548 ng
L™ [171, river systems with up to 27,393 ng L' [53] and even the North Sea with 40 ng L
[110]. Even higher concentrations of 128 and 198 mg L for BTri and TTri, respectively,

were found in a water monitoring well at an international airport [111].

Concentrations above 0.97 mg L' for BTri and 0.40 mg L' for 5-TTri already showed
adverse effects in a chronic study with the aquatic organism Daphnia galeata [112].
Concentrations above 40 mg L (BTri) and 6 mg L™ (5-TTri) showed toxic effects in
Microtox® tests (Vibrio fischeri light emission as toxicity test system, Azur Environmental,
CA) [113]. Therefore, BTs are regarded as potentially hazardous for the aquatic system
[114]. Optimizing these compounds removal during wastewater treatment to reduce their
discharge into aquatic systems is thus implicitly needed. Wastewater treatment plants
(WWTP) approved incapable to completely remove these compounds [101, 102] making

them one major point source into the aquatic environment [63].

The present study is screening the removal efficiency of the micropollutants BTri, 5-TTri and
4-TTri in three WWTPs with membrane (MBR-MH) and conventional activated sludge
treatment (CAS-E, CAS-M) over one year. BTs concentrations were monitored in WWTPs
influent, before and after different stages regarding the contribution of the treatment stage for
their elimination. This allows evaluating the potential elimination process that occurs in the
treatment stage. To show WWTPs impact of the aquatic system, their up- and downstream

effluent concentrations were compared in the receiving rivers.
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3.2 MATERIALS AND METHODS

3.2.1  Wastewater Treatment Plants and Receiving Water Bodies

Three WWTPs were chosen for this study being different in their treatment techniques (Table
3.1 and Figure 3.1). A membrane bioreactor (MBR-MH), a conventional activated sludge
plant with intermittent nitrification/denitrification (CAS-E) and a two stage (stage one: high
load stage for C-elimination and pre-denitrification; stage two: low load stage for

nitrification) activated sludge plant (CAS-M).

Table 3.1 — Characteristics of wastewater treatment plants (WWTPs) analyzed and their receiving
rivers

F/M ratio .
sludge fraction of receivin
type of HRT  MLSS sludge 8 industrial .
WwWrP PE treatment [h] [eL"] age [d] load wastewater g rver
8 8 [BOD; kg (%] system
MLSS d™)] ’
MBR membrane River
9,700 filtration, pore  10-14 8-12  30-40 <0.15 0-2 i
MH ) Gailach
size 0.1 pm
CAS-M 2-stage 1-3 3-4 1-2 <0.64
stage 1 . .
one activated River
e 45-55
CAS-M million sludge Isar
treatment 2-5 3-4 8-10 <0.05
stage 2
intermittent Middle
CAS-E 320,000 nitrification/ 3-6 3-4 1-2 <0.30 20-30 Isar-
denitrification Channel
PE — population equivalents MLSS — mixed liquor suspended solids
HRT - hydraulic retention time F/M ratio — food to microorganism ratio

All downstream sampling points for the receiving rivers were calculated according the
formula for mixing length L, = 8,52*U*B%/D with U: flow velocity [m s, B: river width [m],
D: river depth [m] to ensure a homogenous mixing of river water with WWTP effluent [115].
All WWTP samples (Figure 3.1) were collected by 24 h composite automatic samplers. Grab
samples were collected from the receiving rivers. All samples were cooled and frozen at -

20°C before analysis.
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Figure 3.1 — Flow charts of the monitored WWTPs MBR-MH, CAS-E and CAS-M including the
different treatment stages and sampling points (SP).

MBR-MH, a membrane bioreactor, was sampled before and after the biological/filtration stage. CAS-
E, a conventional activated sludge plant operating with intermittent nitrification/denitrification, was
sampled at four points. CAS-M was sampled at five points and operates a two stage biological
treatment with stage 1 being the high load stage for carbon elimination and pre-denitrification, and
stage 2 the low load stage for nitrification.

MBR-MH, equipped with membrane filtration, discharges into the river Gailach, a very small
river with a mean volumetric flow rate of around 20 L s” over the year. In dry summer
seasons it receives almost all its water from the WWTP. Approx. 6 km downstream the
WWTP, it drains away into a Karst zone to reappear after approx. 7 km to form the lower
Gailach spring. Therefore, the discharge of pollutants or microorganisms from the WWTP
has to be reduced efficiently as the groundwater, supplied by the Gailach, is used as
drinking water. MBR-MH was thus equipped a with membrane filtration. Samples were
collected from the WWTP influent (SP1), immediately after the rake and the effluent
(= permeate, SP2). Additionally, Gailach water samples were collected upstream (48.839316
N, 10.870032 E) and 500 m downstream (48.839408 N, 10.87221 E).

CAS-E, operated with conventional activated sludge treatment and equipped with a
sedimentation tank, discharges into the Middle Isar-Channel, an artificial channel operating
hydroelectric power plants. River water was sampled upstream the WWTP (48.36655 N,
11.88581 E) and after 2 km downstream (48.384922 N, 11.91597 E). Samples of the WWTP
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itself were collected after rake (SP1), primary clarifier (SP2), aeration tank (SP3) and

sedimentation tank (SP4).

CAS-M, a conventional two-stage activated sludge treatment plant discharges right into the
river Isar. This river, with a mean flow rate of 175 m’s™ and a total length of 295 km, serves
during the summer season as recreation and bathing area [116]. Water samples were
collected before WWTP discharger (48.29479 N, 11.698534 E) and downstream (48.313149
N, 11.699789 E). WWTP samples were collected after rake (SP1), primary clarifier (SP2),
aeration tank stage 1 and sedimentation tank (SP3), aeration tank stage 2 and sedimentation

tank (SP4) and the effluent (SP5).

3.2.2 Chemicals

1-H-benzotriazole (BTri; 99,8 % purity; CAS 95-14-7), 4-methyl-benzotriazole (4-TTri; CAS
29878-31-7) and 5-methyl-benzotriazole (5-TTri; CAS 136-85-6) were provided by
Cimachem GmbH (Kirchheimbolanden, Germany) and served as calibration standards. The
surrogate standard 5,6-dimethyl-benzotriazole (99% purity), sodium carbonate solution,

toluol and all other chemicals were purchased from Sigma-Aldrich (Steinheim, Germany).

3.2.3  Sample Preparation and Chemical Analyses of BTs

All WWTP and river water samples were centrifuged (10 min, 8,000 g, 7°C) to remove
(waste)-water residues, filled into cleaned and sterilized glass bottles and stored in the dark

at -20°C before analysis.

Chemical preparation and determination of the BTs’" concentration in the liquid samples
were performed according to Liu et al. (2011) with the following steps: all samples were
derivatised with acetic anhydride, and extracted with toluene. The calibration curve was
determined with aqueous solutions containing 0.1, 1.0, 6.3 and 25.0 pg L of BTri, 4-TTri,
and 5-TTri. These three solutions, high-purity water serving as a blank, and the prepared
samples were spiked with an internal standard solution (5,6-dimethyl-benzotriazole in
sodium carbonate solution) containing the same concentration as used for the calibration
curve. The extracts were analyzed by gas chromatography followed by tandem mass
spectrometry (GC/MS-MS) on a Saturn 2200 by Varian (Agilent Technologies Deutschland
GmbH, Boblingen, Germany) equipped with an ion trap. Limit of quantification for this
setup was 0.01 pg L.
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3.3 RESULTS AND DISCUSSION

3.3.1 Influent and Effluent Concentrations and Total Removal Efficiencies of the WWTPs

Benzotriazoles wastewater influent and effluent concentrations were significantly different

for the three WWTPs and showed a fluctuation over one year (Figure 3.2, Table 3.2).

Table 3.2 — Mean influent and effluent concentrations with standard deviations of BTri, 5-TTri and 4-
TTri over one year determined for the three WWTPs MBR-MH, CAS-E and CAS-M.

total BTs [pg L] BTri [pg L] 5-TTri [ug L' 4-TTri [pg L]
WWTP

influent effluent | influent effluent | influent effluent | influent effluent

MBR- 11.65=+ 7.09+ 5.89=+ 3.47+ 222+ 0.41+ 3.54+ 3.20+

MH 10.12 4.63 4.01 1.60 2.21 0.30 3.80 2.70

CAS-E 35.83+t 12.78+ | 25.56+  8.24+ 541+ 0.39+ 4.86+ 4.16+
26.54 13.70 20.70 10.70 3.00 0.25 2.78 2.71

CAS-M 18.09+ 13.37+ | 11.46x  9.26=% 3.05+ 0.73+ 3.59+ 3.38+

10.67 5.93 5.22 3.34 2.89 0.37 2.55 2.21

Highest BTs mean wastewater concentrations of 35.83 pg L and a peak concentration of
101.90 ug L' were found in CAS-E that receives water from the Munich airport. Lower
concentrations with a mean of 18.10 pg L "' and a peak concentration of 36.90 pg L™ were
detected in CAS-M and the lowest in MBR-MH, a small treatment plant with hardly any
industrial influence, with a mean of 11.65 pg L and a peak concentration of 35.70 ug L.
Therefore, all BTs in the wastewater from MBR-MH likely originate from their use in
dishwashing formulations as other studies already found that wastewater discharge from

households contains significant concentrations of BTs [63, 83].

CAS-M receives almost two times higher concentrations of BTri (11.46 ug L") compared to
MBR-MH (5.89 ug L") but showed similar values as MBR-MH for both, 5-TTri and 4-TTri
(around 3 pg L™). Therefore, industry, contributing up to 50% of the total influent volume of

CAS-M, might mainly use BTri for corrosion protection instead of the other two compounds.
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Figure 3.2 — Influent and effluent concentrations of the three BTs BTri, 4-TTri, and 5-TTri and the
daily influent volume of the three WWTPs: A) MBR-MH, B) CAS-E, and C) CAS-M

In CAS-E, the concentrations for 5-TTri and 4-TTri were similar low as detected in MBR-MH
and CAS-M whereas the concentration of BTri was more than two times higher compared to
CAS-M and almost five-times higher compared to MBR-MH. CAS-E receives up to 30%
industrial wastewater solely produced by the Munich airport. The airport wastewater

contains very high BTri concentrations resulting in high inflow concentrations of around
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25.56 pg L' BTri and distinctly lower concentrations of 5.41 ug L for 5-TTri and 4.86 ug L
for 4-TTri. It is known from literature that airport wastewaters contain high amounts of BTs,
especially in the winter seasons when aircraft-deicing is applied [87, 88, 117]. As the
Munich Airport is not using BTs any more as additive to aircraft-deicing formulations, a
strong seasonal dependence was not found in the present study and BTs influent
concentrations were quite stable over the year. One exception was October with a high BTri
influent concentration of 91 pg L that could be correlated to the high airport wastewater
concentration of 101 ng L™ BTri. Therefore, other input sources for BTri must exist that
contribute to the higher BTri concentration compared to MBR-MH. Generally, BTri was
always the major influent component of the BTs whereas 5-TTri and 4-TTri were found in

similarly lower concentrations.

All three WWTPs were able to remove these BTs with varying efficiencies, as effluent
concentrations were mostly lower than influent concentrations. A similar removal pattern as
already reported by other studies with best removal for 5-TTri with up to 69% followed by
BTri with up to 58% and worst for 4-TTri with up to 34%,[85, 101], was also found here.

The mean BTs removal efficiencies found in this study, regarding the three WWTPs, showed
a similar pattern with a good removal of 5-TTri (mean 75%) followed by a weaker removal

of BTri (mean 45%) and a low removal of 4-TTri (mean 15%) observed here (Figure 3.3).

Strong fluctuations in the analyzed WWTPs were observed for 4-TTri and BTri that ranged
from almost complete to no removal at all. Best elimination for all three BTs was observed in
CAS-E that, especially for 5-TTri and BTri, showed a high and consistent removal. Highest
fluctuation in the removal efficiency was found for MBR-MH that might be attributed to the

small size of the plant.

Furthermore, the daily influent volume (right axis, Figure 3.2) significantly influenced
removal efficiency. In January and December, WWTPs received higher influent volumes due
to rainfall resulting in significantly reduced BTs influent concentrations and a decreased
removal in all three WWTPs. This low removal might be attributed, to some extent, to lower
temperatures reducing microbial activity. However, hydraulic retention time (HRT) was
more important for removal as observed for February and November: Influent volume was
significantly lower, compared to January and December, resulting in good removal of the
BTs as the organisms likely had more time to remove these compounds even at low

tem peratu res.
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Figure 3.3 — Mean BTri, 4-TTri and 5-TTri removal efficiencies with standard deviation (n=12) over
one year of the three WWTPs, MBR-MH, CAS-E and CAS-M.

3.3.2  Removal Efficiencies of the Wastewater Treatment Stages

BTs removal within the different treatment stages (Figure 3.1) were analyzed (Figure 3.4) and
showed that 5-TTri is best removed followed by BTri and 4-TTri independent of treatment
stage and WWTP system.

Sorption onto biomass has to be neglected for all three BTs during wastewater treatment
[26]. Main removal processes are biodegradation in the aeration stages and photolysis,
which might be the dominant elimination process in sedimentation, as the less turbid
conditions allow photodegradation. Nevertheless, for CAS-E, an impact of the sedimentation
tank can be seen, but a clear separation of biodegradation in the aeration tank and an
abiotic (photolytic) removal in the sedimentation is not possible. The same is valid for the

primary clarifier which contributes but not with a clear pattern.
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Figure 3.4 — Removal efficiencies per sampled treatment stage of 5-TTri, BTri and 4-TTri over one
year analyzed for the WWTPs A) MBR-MH, B) CAS-E and C) CAS-M.

For MBR-MH, the impact of aeration tank and filtration stage on BTs removal (Figure 3.4 A)
could not be evaluated but a laboratory filtration experiment with the membrane material
used in MBR-MH showed that the membrane itself had no influence on BTs removal.
Therefore, BTs removal in MBR-MH in the aeration tank together with filtration unit (Figure
3.4 A) is mainly attributed to biodegradation. Good annual 5-TTri elimination was observed,
except in March and April, where this plant had general problems due to membrane
cleaning and thus showed no removal at all. A similar pattern but with a generally lower
removal was found for BTri while 4-TTri showed very weak elimination. A removal of
around 40% was observed in August only. In the summer season, the WWTPs’ HRTs were
higher as the influent volume was lower whereby 4-TTri might be better removed. MBR-MH

lacks a primary clarification and sedimentation thus limiting removal to biodegradation.
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Furthermore, the total retention time of this small plant was shorter compared to the other
two WWTPs giving the organisms less time for biodegradation. This explains why BTri was
only poorly removed although biological removal was shown in l[aboratory studies [90] and

could even be completely removed after sufficient incubation time (see also Chapter 4).

In CAS-E, three treatment stages were sampled separately and their contribution to total
removal efficiency evaluated (Figure 3.4 B). 5-TTri is mainly removed in the aeration tank
but to a lesser amount also in the primary clarifier and sedimentation probably due to
biodegradation. In August and September, no 5-TTri was removed in the aeration tank but a
high removal efficiency of around 90% was achieved in primary clarifier and sedimentation.
Laboratory biodegradation experiments showed that 5-TTri is easily biodegraded [90] and
retention in the primary clarifier might be enough to biodegrade 5-TTri. CAS-E also showed
around 70% removal for BTri with higher impact of the primary clarifier compared to

CAS-M.

Finally, CAS-M showed the lowest BTs removal efficiencies of the three WWTPs (Figure 3.4
C). This plant operates two aeration stages, a high load stage 1 (carbon removal, pre-
denitrification) and a low load stage 2 (nitrification) that are different in both food to
microorganism ratio and sludge age (Table 3.1). Removal of 5-TTri occurred mainly in stage
2 (lower carbon concentrations). That indicates stage 2 to be better suited to remove
persistent organic compounds as A) the food to microorganism ratio is lower forcing the
organisms to use not readily degradable compounds being available only in pg L
concentrations. B) A higher sludge age favors higher sludge diversity and slow growing
organisms supporting BTs degradation. C) A higher HRT gives the organisms more time to
get adapted to utilize poorly degradable xenobiotic compounds like BTs [82]. In contrast,
BTri removal was low in all treatment stages and no removal was observed during winter. It
is concluded that the main removal process for BTri might be biodegradation explaining
why lower temperatures, i.e. reduced microorganisms’ activity as typical for the winter

season, reduced removal efficiency.

3.3.3  WWTPs Discharge into Receiving Rivers

BTs concentrations were measured in the receiving rivers to evaluate their impact on aquatic
systems (Figure 3.5, Table 3.3). MBR-MH (Figure 3.5 A) and CAS-M (Figure 3.5 C) constitute
one major point source for BTs into the aquatic environment as the detected BTs
concentrations increased significantly downstream the WWTPs. CAS-E (Figure 3.5 B)
showed no such effect as the Middle Isar-Channel was, in some months, higher

contaminated with BTs (peak concentration of 1.06 pg L) than CAS-E effluents. MBR-MH
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showed the highest impact on the receiving water with BTs concentrations up to 10 pg L
and a strong fluctuation over the year. The receiving river is very small and the WWTPs
effluent contributes, especially during dry summers, to almost 50% of the total river
discharge. This effect was observed for the dry months June to November where the river
nearly dried up explaining why almost the complete effluent concentration of MBR-MH was
found in the aquatic system (Figure 3.5 A compared to Figure 3.4 A). It is shown that MBR-
MH effluents significantly increased the amount of BTs in the Gailach River (Table 3.3)
especially of BTri and 4-TTri, the two biologically very stable compounds. These
compounds might accumulate in the aquatic ecosystem and consequently represent a
potential threat for the ecosystem and drinking water supply downstream. In contrast, 5-TTri
was well removed by MBR-MH and was readily biodegraded resulting in a low risk for that

compound to accumulate and remain in the aquatic system.

Table 3.3 — Mean BTs concentrations with standard deviations measured over one year in the
receiving rivers upstream and downstream the corresponding WWTPs.

receiving | total BTs [ng L'l BTri [pg L] 5-TTri [pg L'l 4-TTri [pg L]
river

system/ up- down- up- down- | up- down- | up-  down-

WWTP stream  stream | stream stream | stream stream | stream stream

Gailach/ 0.36+ 357+ | 0.19+ 1.66+ | 0.01+ 0.16+ | 0.16+ 1.76+
MBR-MH 0.70 3.11 0.36 1.20 0.01 0.10 0.32 1.74

Middle
Isar- 0.50+ 0.64+ 0.35+ 043+ | 0.02+ 0.03+= | 0.12+ 0.18+
Channel/ 0.30 0.31 0.19 0.19 0.01 0.01 0.08 0.10

CAS-E
Isar/ 0.20+ 1.10+ 0.12+« 0.77+ | 0.02+ 0.05+ | 0.06x 0.28+

CAS-M 0.10 0.50 0.04 0.30 0.01 0.02 0.03 0.16

A similar impact pattern but with lower concentrations was found for CAS-M that directly
discharges into the river Isar (Figure 3.5 C, Table 3.3). This river, although around 10,000
times larger than the Gailach, exhibits similar seasonal fluctuations with low flow volumes
during summer and high flow volumes in spring and winter due to rainfall and snowmelt.
Again, 5-TTri showed the lowest concentrations around 0.2 pg L as it was well removed by
the WWTP and might not accumulate due to the river’s self-purification potential. BTri was
found in highest concentrations (up to 1.4 ug L) followed by 4-TTri (up to 0.6 ug L) as they
were only partly removed in the WWTP.

o1
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Figure 3.5 — Concentrations of BTri, 4-TTri and 5-TTri upstream and downstream the WWTPs over
one year.

BTs influence receiving waters for A) MBR-MH/Gailach, B) CAS-E/Middle Isar-Channel and C) CAS-
M/lsar.

CAS-E showed a different impact pattern as the receiving Middle Isar-Channel contained
relatively high BTs concentrations up to 1.0 ug L' upstream the WWTP (Figure 3.5 B, Table

3.3) arising from diffuse entry paths from hydropower plants. This artificial channel mainly
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constructed for hydroelectricity shows no seasonal fluctuations as its flow volumes are

controlled.

The ratio of river flow volume to effluent amount of WWTP CAS-E was around 1:500.
Therefore CAS-E’s impact on the receiving water was far less as A) the effluent was highly
diluted and B) removal efficiency of CAS-E was best for the BTs compared to the other two
WWTPs. BTs effluent concentrations were sometimes even lower than these upstream
therefore reducing BTs concentrations downstream by dilution only (April, November and
December). In the channel upstream and downstream the WWTP, BTri (up to 0.7 ug L") and
4-TTri (up to 0.5 ug L) were again the dominant species while 5-TTri was found up to
0.04 ug L.

However, the mean concentrations over one year downstream the WWTPs increased for all
three BTs (Table 3.3) in the three WWTPs. The WWTPs were not able to completely
removing these BTs from the aquatic systems whereas further removal processes, e.g. self-
purification of the receiving rivers, mixing/dilution effects and photodegradation might be

important to finally preventing BTs accumulation in the aquatic systems.

3.4 CONCLUSIONS

In this study, three different wastewater treatment plants (WWTPs) were monitored for their
benzotriazole, 5-tolyltriazole and 4-tolyltriazole concentrations in the influent and effluent
over one year. Mean influent concentrations were highest for BTri ranging from 5.89 to
25.56 pg L followed by 5-TTri and 4-TTri showing similar concentrations from 2.22 to
5.41 pg L. Seasonal fluctuations were low regarding influent concentrations but high
regarding annual removal efficiency and impact on receiving rivers. 5-TTri was removed
preferentially biologically with a mean of 75% while BTri (mean 45%) and 4-TTri (mean
15%) showed less removal. All three WWTPs were a point source for these BTs into the
aquatic environment but their impact strongly depended on the upstream water quality
within the receiving river system. However, as strong fluctuations in the WWTPs’ removal
efficiencies occurred, further research on optimizing the removal of all three BTs is implicitly

required.
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4

Xenobiotic Benzotriazoles - Biodegradation under Meso- and

Oligotrophic Conditions as well as Different Redox Potentials

Evaluation of activated sludge communities (ASC) biodegradation potential towards
benzotriazole (BTri), 4-methyl-benzotriazole (4-TTri) and 5-methyl-benzotriazole (5-TTri)
regarding aerobic, denitrifying, sulfate reducing and anaerobic conditions and different
nutrients was performed. ASCs, taken from three wastewater treatment plants (WWTP) with
different technologies namely a membrane bioreactor (MBR-MH), a one-stage conventional
activated sludge plant CAS-E (intermittent nitrification/denitrification) and a two-stage
conventional activated sludge plant CAS-M were able to completely eliminate up to 30 mg
L' 5-TTri and BTri under aerobic conditions within 2 - 7 and 21 - 49 days, respectively, but
not under denitrifying, sulfate reducing or anaerobic conditions. 4-TTri proved stable at all
conditions tested. Significant differences were observed for BTri biodegradation with not-
acclimated ASC from MBR-MH with 21 days, CAS-E with 41 days and CAS-M with 49 days.
Acclimated ASC removed BTri within 7 days. Furthermore, different carbon and nitrogen
concentrations revealed that nitrogen was implicitly required for biodegradation while
carbon showed no such effect.
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4.1 INTRODUCTION

The xenobiotic compounds benzotriazole (BTri) together with its two derivatives, 5-methyl-
benzotriazole (5-TTri) and 4-methyl-benzotriazole (4-TTri), are polar micropollutants
commonly used as corrosion inhibitors whenever water comes in contact with metal
surfaces. 4- and 5-TTri are commercially available as tolyltriazole mixture (TTri) widely used
in metal finishing and as corrosion protection in cooling systems [86, 118]. Among other
applications these three benzotriazole compounds, in the following denoted as BTs, are
mainly used as anticorrosive in aircraft deicing or breaking fluids [119], in household
dishwashing detergents for silver and corrosion protection [63] and as UV filter and/or sun
screen agents [102, 120]. With an annual production volume of around 9000 tons in the
United States and probably a much higher global production [99, 121], these three
benzotriazoles are categorized as ‘high production volume chemicals’. Due to their
widespread usage, high polarity (logP 1.44 and 1.71 for BTri and TTri, respectively) and thus
high water solubility, as well as poor biodegradability, these compounds are found in nearly
all aquatic compartments [84, 94, 122, 123]. This includes ground water with up to 1,024
ng L' [17], river systems with up to 7,997 ng L' for BTri and 19,396 ng L™ for TTri [53], and
the North Sea with up to 40 ng L for all benzotriazoles together [109, 110]. Alarmingly
high concentrations of up to 128 mg L™ and 198 mg L™ for BTri and TTri, respectively, were
recorded for a perched water monitoring well at an international North American airport
[111]. At concentrations above 40 mg L for BTri and 6 mg L™ for 5-TTri previous work
showed significant toxicity in Microtox® tests (Vibrio fischeri light emission as toxicity test
system, Azur Environmental, CA) [112, 113, 124]. Therefore, BTs are potentially hazardous
for the aquatic system [125, 126]. Due to their high efficiency in protecting metal surfaces
from corrosion and their relatively low costs, these chemicals are frequently used in
industrial and household applications [64, 121]. Unfortunately, even wastewater treatment
plants (WWTP) have been shown to be incapable of completely removing these compounds
during the treatment process [101, 102]. Therefore, WWTP effluents constitute one major
point source for these compounds into the aquatic environment. Several workgroups have
reported a variety of removal efficiencies in conventional WWTPs ranging from 13-62% for
BTri, 11-74% for 5-TTri, and far less for 4-TTri, which often did not show any removal [34,
49, 85, 127]. Even at defined laboratory conditions, complete biological removal of BTri has
until now never been achieved, while 5-TTri was shown to be completely biodegraded
under aerobic conditions within 91 days [122]. Long half-lives of BTri and 5-TTri with 114
and 14 days, respectively, make it nearly impossible to achieve such a removal efficiency at

true full scale conditions in WWTPs as hydraulic retention times (HRT) are nearly always
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below 15 h during biological treatment [122]. These poor removal rates in WWTPs explain
why these three compounds are ubiquitous in aquatic river systems across Europe that
receive treated wastewater [53]. From the 122 tested river systems in the study of Loos et al.
(2009), 94% were positive for BTri (mean concentration 493 ng L") and 81% for both

tolyltriazoles (mean concentration 617 ng L™).

This study was undertaken to shed more light onto the biodegradation capacity of activated
sludge communities (ASC) with respect to three benzotriazoles. Three ASC, taken from three
WWTPs with different biological treatment regimes were tested for their ability to
biodegrade BTri and TTri under meso- and oligotrophic aerobic as well as anaerobic
conditions. Research focused on evaluating the degree of biodegradation at varying
concentrations of BTri, 4-TTri, and 5-TTri, given either as sole nutrient source or being

supplied together with other nutrients.
4.2 MATERIALS AND METHODS

4.2.1 Chemicals

1-H-benzotriazole (BTri; 99,8 % purity; CAS 95-14-7) and the technical mixture of 4-methyl-
benzotriazole (4-TTri; CAS 29878-31-7) and 5-methyl-benzotriazole (5-TTri; CAS 136-85-6),
commonly known as tolyltriazole (TTri; 99,5 % purity; CAS 29385-43-1), were provided by
Cimachem GmbH (Kirchheimbolanden, Germany). The chemical structures and
chromatographic retention times, according to the applied method, of the benzotriazoles

tested are shown in Figure 4.1.
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Figure 4.1 — Chemical structures and retention times, according 4.2.4, of the three different
benzotriazole compounds and 5,6-methyl-benzotriazole used as internal standard.
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Water solubility of the three benzotriazoles at 20°C is as follows: BTri 19.0 g L', 5-TTri 6.0 g
L' and 4-TTri 0.25 g L. Water solubility for BTri and 5-TTri was taken from the
manufacturer data sheet, 4-TTri experimentally determined by measuring samples with
different concentrations. TTri consisted of 40% 4-TTri and 60% 5-TTri. The internal standard
5,6-dimethyl-benzotriazole, sodium carbonate solution, and toluol were purchased from
Sigma-Aldrich (Steinheim, Germany), peptone and all other media components from Merck

KGaA (Darmstadt, Germany).

4.2.2  Wastewater Treatment Plants’ Characteristics and Activated Sludge Sampling

WWTPs were chosen for their differences in population equivalents (PE), treatment
processes and type of influent (industrial and/or municipal). Membrane bioreactor MBR-MH
receives very little industrial wastewater containing up to 17 ug L™ BTs. The conventional
activated sludge plant CAS-E, responsible for treating airport wastewater constituting up to
30% of the total influent volume, receives high concentrations of BTs (up to 91 pg L™"). CAS-
M treats wastewater, which receives roughly 50% of its influent volume from industry. It
contains high amounts of up to 40 pg L' BTs due to their use in metal finishing. Main

characteristics of the three WWTPs are presented in Table 4.1.

Table 4.1 — Characteristics of sampled wastewater treatment plants (WWTPs)

F/M ratio fraction of

sludge . .
WWTP PE type of 2. HRT ~ MLSS age sludge load ~ industrial
treatment clarifier ) gL [BODs/(kg ~ Wastewater
dl MmLssd) (%]
membrane
MBR- filtration,
9,700 raon no 10-14  8-12  30-40 <0.15 0-2
MH pore size 0.1
um
CAS-M
stage 1 2-step 13 34 12 <0.64
1 Mio. activated ves .
CAS-M sludge
stage 2 treatment 2-5 3-4 8-10 <0.05

intermittent
CAS-E 320,000 nitrification/d yes 3-6 3-4 10-12 <0.30 20-30
enitrification

PE — population equivalents MLSS — mixed liquor suspended solids

HRT - hydraulic retention time F/M ratio — food to microorganism ratio

Activated sludge samples (AS) for inoculation, 500 mL each, were collected from the

aeration tanks of MBR-MH and CAS-E and from the high load stage aeration tank of CAS-M.
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All sludge samples were taken as mixed liquor grab samples during aeration to ensure

optimal mixing of the sludge community. Fresh digester sludge was only taken from CAS-M.
4.2.3  Experimental Setup

4.2.3.1 Reactor and Control Setups, Nutrient Supply

Biodegradation capabilities of the three ASCs were tested in separate reactor setups.
Analyses for BTri, 4-TTri, and 5-TTri were performed individually to investigate different

biodegradation patterns.

All experiments lasted for 50 days. Aerobic setups were performed with MSM-PE, MSM-CN,
MSM-N, MSM-C and MSM media while denitrifying and sulfate reducing and anaerobic
experiments were only conducted with MSM-CN (Table 4.2).

Aerobic MSM-PE and denitrifying and sulfate reducing MSM-CN setups were operated in
semi-continuous batch-mode. They were supplied with 70 mg L™ peptone (dissolved organic
carbon 28 mg L nitrogen 12 mg L™ or NaNO; (0.17 g L™ or Na,SO, (0.28 g L™ after each

sampling. All other setups were prepared as batch reactors only providing initial nutrients.

Table 4.2 — Media compositions used for incubation.

media MSM-PE MSM-CN MSM-N MSM-C MSM
Basic adapted from DIN ISO 9888[128]; KH,PO, (0.08), K;HPO, (0.2), Na,HPO,
components (0.3), MgSO4*7 H,O (0.02), CaCl,*2 H,0 (0.04), FeCl;*6 H,O (0.0003); pH
[gL'] 7.4
Sodium-
Peptone A } Na-
Additional cetate 1C NH4NO;-N Acetate-C
supplements | (70 m8 LY, O0mel) 9mglL" _
DOC:N2:1  NHiNOs-N 8 (90 mg L)
9 mgL"

MSM — mineral salts media

Aerobic media were prepared using 500 mL Erlenmeyer flasks with air-permeable aluminum
caps filled with 150 mL mineral salt media (MSM) as given in Table 4.2. Aerobic conditions
inside the reactors were ensured by using an orbital shaker at 150 rpm (a previous
experiment showed this shaking speed to be sufficient to keep the oxygen concentration
above 2 mg L"). Finally, all media solutions were spiked with BTri and TTri at varying

concentrations according to Table 4.3.
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Table 4.3 — Amounts of BTri, 4-TTri, and 5-TTri used for biodegradation experiments in the different
setups. TTri consists of 4- and 5-TTri 40%/60% (w/w), respectively.

initial concentration Lo .
initial concentration

initial concentration [mg L] MSM-media and :
origin of : ity It [mg L] anaerobic
) [mg L'] MSM-PE denitrifying/sulfate MSM.CN
inoculum reducing

BTri 4-TTri ~ 5-TTri BTri 4-TTri ~ 5-TTri BTri 4-TTri  5-TTri

MBR-MH | 21.0 8.8 13.2 0.5 0.2 0.3 10.0 4.0 5.0
CAS-M 34.0 20.8 31.2 0.5 0.2 0.3 10.0 4.0 5.0

CAS-E 22.0 15.2 22.8 0.5 0.2 0.3 10.0 4.0 5.0

Two sets of reactors (see Table 4.5) under denitrifying and sulfate reducing conditions, as
they occur in non-aerated AS basins, were created by using 10 L bottles being slowly shaken
at 30 rpm. Biodegradation was tested in MSM-CN media being supplied once a week with
NaNO; and Na,SO.,.

Anaerobic biodegradation was tested in batch mode, not supplying additional nutrients
during the experiment. Media were prepared as described above; bottles sealed with rubber
stoppers and aluminum crimps. Setups were performed in MSM-CN media without extra
electron acceptors as control or with either NaNO; (3 mM), Na,SO, (2 mM) or the humic
acid model compound anthraquinone-2,6-disulfonate (AQDS, 5 mM) to create similar
electron accepting capacities [129] (Table 4.5). Nitrate and sulfate were measured according
to DIN 38405 D9-2 with Hach Lange cuvette tests LCK 340 (nitrate) and LCK 353 (Hach
Lange GmbH, Duesseldorf, Germany). Cystein-HC| solution (1 mM) was added to all
reactors as reducing agent. Anaerobic conditions were maintained by pressurizing the
bottles (1.2 bar) with a gas mixture of N,/CO, (80:20, v/v) and controlled by adding

resazurin as redox-indicator.

10 mL samples were taken once a week from the experimental reactors after a one-hour
sedimentation period to reduce biomass withdrawal. Samples were filled into pre-washed

glass bottles and prepared as described in section 2.4.

Duplicate controls were set up in the same manner and consisted of a) abiotic controls
without AS and b) sterile controls with AS being autoclaved twice. Controls were operated

alike the experimental reactors.

All experiments were carried out in the dark to avoid photolysis. Temperature was kept
constant at 20°C (+ 2°C) for the duration of the experiments. The pH was controlled in the

range of 7 to 8.
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4.2.3.2 Inoculation

For inoculation fresh activated sludge was collected from the above-mentioned WWTPs
(WWTPs’ characteristics in Table 4.1). Sludge was centrifuged (10 min, 4000 g), the
supernatants discarded, and the remaining biomass was washed with 1xPBS-Buffer (NaCl
(8.0g L"), KCl (0.2 g L"), Na,HPO, (2.7 g L"), KH,PO, (0.2 g L'")). Repeating the procedure
twice ensured to remove wastewater residues and nutrients. Finally, each sludge was
adjusted to 5 g L' mixed liquor suspended solids (MLSS) in MSM-PE reactors and to 3 g L™
MLSS in all other setups.

For anaerobic experiments, fresh digester sludge, collected only from CAS-M, was

transferred to the reactors with syringes to maintain anaerobic conditions.

4.2.4  Sample Preparation and Chemical Analyses of BTs

The samples obtained from the reactors were centrifuged (10 min, 8,000 g, 20°C) to remove
any cellular debris and biomass, filled into cleaned and sterilized glass bottles and stored in

the dark at -20°C before analysis.

Chemical preparation and determination of the BTs’ concentration in the liquid samples
were performed according to Liu et al. (2011) with the following steps: all samples were
derivatized with acetic anhydride, and extracted with toluene. The calibration curve was
determined with aqueous solutions containing 0.1, 1.0, 6.3 and 25.0 pg L™ of BTri, 4-TTri,
and 5-TTri. These three solutions, high-purity water serving as a blank, and the prepared
samples were spiked with an internal standard solution (5,6-dimethyl-benzotriazole in
sodium carbonate solution) containing the same concentration as used for the calibration
curve. The extracts were analyzed by gas chromatography followed by tandem mass
spectrometry (GC/MS-MS) on a Saturn 2200 by Varian (Agilent Technologies Deutschland
GmbH, Boblingen, Germany) equipped with an ion trap. Limit of quantification for this
setup was 0.01 pg L. Compound separation was accomplished on a VF-5ms column from
Varian (30 m x 0.25 mm, film thickness 0.25 um) perfused by helium as the carrier gas at a
constant flow rate of 1.5 mL min™'. The temperature profile started at 65°C (held for 4 min),
was increased by 12°C min™ to 200 °C, and was finally set to 300°C at a rate of 40°C min
(held for 6 min). Operation mode of the MS/MS was resonance excitation of the
characteristic precursor ions of the analytes and the internal standard. Injection was
performed split less ranging from 1.0 to 9.0 pL sample volume (large volume liner, Varian
1079 programmable injector). Compounds were identified by comparing the retention times
(within a 2% range of deviation) and product ion spectra with those of the standards (see

Figure 4.1).
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Blanks were analyzed to check for possible contaminations of the experimental samples and
to verify the accuracy of the method itself. Due to the analytical setup (SPE, derivatization)

the total error of the method amounts to 15 %.
4.3 RESULTS AND DISCUSSION
4.3.1 Biodegradation of BTri, 4-TTri, and 5-TTri under Aerobic Conditions

4.3.1.1 Benzotriazole (BTri) Biodegradation under Mesotrophic Conditions (MSM-PE)

This experiment was conducted in semi-continuous batch mode by regularly supplying
nutrients to emulate pre-treated wastewater nutrient conditions as they appear in aeration
basin inflows. Sorption and abiotic processes were negligible as all controls showed no
change in the BTs concentrations under the applied conditions proving that observed
elimination occurred by biodegradation only. All three ASCs were able to fully eliminate
BTri under aerobic conditions (Figure 4.2). Different biodegradation patterns and times,
needed for removal, were observed for the three ASCs before acclimation. High BTri
concentrations created a strong selective pressure and allowed to link biodegradation not
only with ASC origin but also with acclimation to high BTri concentrations (as different
initial concentrations were used). A subsequent experiment with acclimated sludges showed

a similar biodegradation pattern as all sludges were able to eliminate BTri within 7 days.

Biodegradation occurred fast and was not linear thus biodegradation rates and half-life times
could not be calculated as they were significantly changing with the initial concentration.
ASC might possess the ability to degrade even higher concentrations up to 30 mg L when
given enough time for acclimation. Thus, providing biodegradation rates and half-life times

for these experiments were not useful for characterization of the ASC removal efficiency.

In semi-continuous batch mode, ASC from MBR-MH totally removed BTri within 21 days
followed by CAS-E with 42 days and CAS-M with 49 days. However, BTri elimination was
substantially faster than 114 days as stated in a previous publication [122] where no
additional nutrients were supplied. Therewith the availability of sufficient nutrients

significantly enhanced biodegradation.

The observed BTri biodegradation potential is even more surprising as the fastest
biodegrading MBR-MH ASC was confronted with the lowest BTs influent concentrations of
the three WWTPs of around 10 ug L' compared to 18 and 35 pg L' for CAS-M and CAS-E,
respectively (see also Chapter 3). An adaption phase was observed for all three ASC being
shortest for MBR-MH with 7 days and longest for CAS-M with almost 45 days. CAS-E and

CAS-M are more similar in treatment technique as compared to MBR-MH explaining why
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CAS-E and CAS-M showed almost the same biodegradation pattern. CAS treatment favors
flocculation for faster settlement while MBR treatment allows also planktonic growth of the
organisms, as sedimentation is not required. Microorganisms are not pressured towards
agglomeration to increase settleability. Therefore nutrient transport via diffusion and uptake
is enhanced in MBR treatment while flocks are more limited as nutrient transport is slower

due to their larger size in CAS [130, 131].

Another reason for favoring MBR biodegradation performance is sludge age (Table 4.1).
Sludge age of MBR-MH was considerably higher than those of CAS-E and CAS-M.
Membrane filtration favors slower growing organisms and increases the overall diversity in
the system [34, 35, 101]. The possibility that organisms, capable of biodegrading also
persistent substances, will be present in the system is considerably higher. That explains why
MBR-MH although facing lowest BTs influent concentrations, showed fastest acclimation
and biodegradation as MBR-MH ASC are more diverse and already well adapted. CAS-E and
CAS-M stage 1 both exhibit lower sludge ages giving the organisms less time to adapt and
biodegrade complex substances. As readily degradable nutrient sources are consumed first,

time is short for biodegradation of micropollutants such as BTs.

Enhanced transport due to smaller aggregates, i.e. flocks, combined with higher sludge age
and therefore better-adapted organisms explain why MBR-MH removes BTri faster compared
to CAS. Better adapted organisms and/or enhanced nutrient uptake leads to a removal of
BTri within 21 days in MBR-MH. CAS-E and CAS-M have similar treatment technologies and
might therefore be supposed to remove BTri in almost the same period. However, CAS-M
needed around 8 days more. That extension in time, required for removal, might be due to
the higher initial concentration of BTri in CAS-M reactors (Table 4.3) were ASC needed a
longer acclimation period. Within seven days all BTri was removed indicating that
acclimation to BTri significantly enhanced biodegradation. These findings fit the effect of
acclimation already described in literature to enhance biodegradation of e.g. phenol and 4-

chlorophenol [132] but have never been shown for BTs before.

Additionally, this observation was supported by an acclimation experiment. Spiking
10 mg L' BTri into the same reactors again, after complete elimination of the initial BTri
concentrations, all three ASC, although taken from three different WWTPs, removed BTri
within seven days and no longer showed different biodegradation patterns. Acclimation was
found to be one powerful technique to enhance BTri biodegradation efficiency and might
help to improve WWTPs removal towards BTri as well as for the other two compounds 5-
TTri and 4-TTri. As shown in Chapter 3 BTri is only partially removed during wastewater

treatment implicating the need for optimization of the WWTPs removal efficiency.
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4.3.1.2 Benzotriazole (BTri) Biodegradation under Oligotrophic Conditions

For testing carbon and nitrogen influences on biodegradation, experiments in MSM-CN, -N,
-C and MSM were established (Table 4.2). Low BTri concentrations of 500 ug L were used
to create environmental relevant conditions as influent concentrations of up to 100 pg L™
were already found [118]. No nutrients were supplied during the experiment to create
oligotrophic conditions and a strong pressure towards utilization of BTri as its concentration
was too low to act as selective agent compared to 3.1.1 were 10 mg L BTri applied a
selective pressure. Figure 4.3, compared to Figure 4.2, clearly shows that nutrient supply,

nutrient availability and nutrient composition had major effects on biodegradation.
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Figure 4.2 — Aerobic BTri biodegradation patterns within the three ASCs.

Reactors were operated in semi-continuous batch mode in MSM-PE media. Peptone was added
weekly after each sampling. Shown are mean values of BTri concentrations of duplicate experiments
(initial concentrations given in Table 4.3) with error bars indicating standard deviations (n=2).

One general observation was that biodegradation under oligotrophic conditions did not
differ that much across the three ASC as observed under mesotrophic conditions in semi-
continuous batch-mode. MBR-MH showed good biodegradation potential, supporting the
above discussed theory of ASC from MBRs being well adapted [101, 127, 133], but in
contrast to semi-continuous, mesotrophic setups (Figure 4.2) nutrient composition turned out
to be more important than ASC structure. In these batch setups, ASCs activity had more
influence on biodegradation, explaining that all three ASC showed similar biodegradation

patterns, especially after 50 days of incubation. BTri was removed faster when
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carbon/nitrogen or nitrogen were provided. MSM-C, i.e. carbon supply only, showed slightly
better removal than MSM, i.e. without carbon and nitrogen, but both media approved not
useful for effective biodegradation strengthening that nitrogen supply was crucial for
effective biodegradation. BTri could obviously not serve as nitrogen source explaining why
removal in media containing nitrogen (MSM-N and MSM-CN), occurred at almost the same
speed and pattern. Other studies also reported reduced biodegradation efficiency when no
additional nutrients, especially nitrogen, were present [122], supporting the above
mentioned theory. However, this result is in contrast to other findings where, during
biodegradation of pharmaceuticals such as sulfamethoxazole, carbon supply enhanced
removal [50, 134]. MSM, containing BTri as sole nutrient source, was not useful for
enhancement of biodegradation. BTri alone might not be sufficient to serve as energy source

in absence of readily degradable nutrients, especially nitrogen compounds.
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Figure 4.3 — BTri biodegradation with ASC MBR-MH (A), CAS-E (B) and CAS-M (C) in four different
media (Table 4.2).

Reactors were operated as batch without any additional nutrient supply. Shown are mean values of
BTri concentrations of duplicate experiments (initial concentrations given in Table 4.3) with error
bars indicating standard deviations (n=2).

Whether BTri was utilized as carbon source or just transformed into other intermediates is
still not known for sure, but nitrogen deficiency significantly hinders biodegradation while
carbon deficiency did not seem to have such an effect. Therefore, it was assumed that BTri
biodegradation might start by degradation from the benzene ring as the BTri-N could not be
used and had to be externally supplied.
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4.3.1.3 4-methyl and 5-methyl-benzotriazole (4-TTri, 5-TTri) Biodegradation under

Different Nutrient Conditions

4-TTri and 5-TTri showed a completely different biodegradation pattern compared to BTri.
Although being closely related structurally, 4-TTri and 5-TTri behaved completely different
during biodegradation. After 50 days of incubation the concentration of 4-TTri was still at
initial level, regardless which ASC and which media were used. Other studies concerning 4-
TTri behavior during wastewater treatment assumed this compound to be relatively stable
and only poorly removed [99, 127, 135] but it was shown here for the first time under
specific laboratory conditions that 4-TTri was perfectly stable and could not be removed due

to biodegradation.

In contrast, complete removal of 5-TTri occurred within maximal 7 days in all tested ASC
(shown only for ASC CAS-M) and all media, even in MSM where 5-TTri might serve as sole
nutrient source (Table 4.4 and Figure 4.4).

Table 4.4 — Biodegradation of 5-TTri under aerobic conditions with ASC CAS-M. Shown are initial 5-
TTri concentration and time needed to remove 99.9% 5-TTri.

. initial concentration required time to remove 99.9%
used media ! .
of 5-TTri [mg L™'] 5-TTri [d]

MSM-PE 31.2 7

MSM-CN 0.3 4-6
MSM-N 0.3 4
MSM-C 0.3 2
MSM 0.3 2

In MSM-PE setups with high 5-TTri concentrations from 13 to 31 mg L™, within 7 days 5-TTri
was removed in all tested ASCs. Thus, ASC tested showed that their biodegradation
potential, even at 31 mg L, was still not exhausted. All three ASC showed the same pattern
and almost same rate showing that organisms are able removing 5-TTri without the need for

long acclimation as shown for BTri.

In reactors provided with MSM media and low concentrations of 0.3 mg L™ 5-TTri, this
compound was completely eliminated after 2 days for MSM-C and MSM while 4 days were
needed for MSM-N and 4-6 days for MSM-CN (Table 4.4 and Figure 4.4). ASC needed
slightly more time to remove 5-TTri in MSM-CN as readily degradable nutrients are used up
first. Additionally, the fast removal of 5-TTri in MSM could probably mean that 5-TTri can,
unlike BTri, serve as sole nutrient source for nitrogen and carbon under the applied

experimental conditions. That effect has to be further studied. Slight differences between
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MSM-N and MSM-C were observed by 5-TTri removal and further experiments are implicitly
required to evaluate the impact of nitrogen and/or carbon for the enhancement of 5-TTri
biodegradation. 5-TTri elimination in two days takes still too long for an efficient and

complete removal during wastewater treatment.
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Figure 4.4 — 5-TTri biodegradation with ASC CAS-M and five different media (Table 4.2).

Reactors were operated as semi-continuous batch (MSM-PE) and batch (other media). Shown are
mean values of 5-TTri concentrations of duplicate experiments (initial concentrations given in Table
4.3) with error bars indicating standard deviations (n=2).

As the biodegradation behavior of 5-TTri was completely different to that of BTri and 4-TTri,
as already observe in chapter 3, it might be likely that the shift of one methyl group to the
next adjacent carbon atom makes 5-TTri, in contrast to 4-TTri, a more readily biodegradable
substance. Why the position of the methyl group has such a dramatic influence on

biodegradation still lacks understanding.

It was also tested if BTri or 4-TTri could be detected during 5-TTri biodegradation as a
possible transformation of 5-TTri into either BTri or 4-TTri as suggested by Liu et al. (2011).
However, neither BTri nor 4-TTri was found at any point during 5-TTri biodegradation
indicating that during these experiments 5-TTri was not transformed into one of the other

two compounds.

4.3.2  Biodegradation Behavior of BTri, 4- and 5-TTri under Low Redox Conditions

Biodegradation was also tested under low redox conditions in presence of nitrate and sulfate

as electron acceptors as they also appear in the non-aerated aeration basin and under
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anaerobic conditions in digesters. AQDS was additionally tested in anaerobic setups as it
was shown to foster anaerobic biodegradation for organic compounds in soil [129]. Also for
some pharmaceuticals anaerobic biodegradation was shown to be one important way of
removal [136]. Thus, two experiments were conducted with either activated sludge not
being aerated and with digester sludge in sealed flasks under nitrogen atmosphere. As MSM-
CN media was found to show best biodegradation in aerobic batch experiments, these
setups were conducted solely with MSM-CN. By monitoring nitrate and sulfate
concentrations, the sludge biomass was found to be active as either denitrification or sulfate
reduction occurred.

Table 4.5 — Xenobiotics” biodegradation under low redox conditions. Shown are concentrations given

in % from initial value (100%) over incubation time of 30 days for setups with activated sludge and
50 days for digester sludge.

redox remaining conc. [%] after incubation
lect
inoculum media o potential of 30/50 days
acceptor
[mV] BTri [%]  5-TTri [%]  4-TTri [%]
activated sludge NaNO; 963 98=+1 100+1
>-110
(CAS-M) Na,SO, 98+4 1075 1065
- 99+2 98+2 1149
MSM-
digester sludge N NaNO, 115210 104+13 1031
(CAS-M) Na,SO, <110 962 108+8  103x15
AQDS 104+12 127+11 1034
abiotic control - 102+1 104+1 100+3

As given in Table 4.5, neither of the BTs was biodegraded under these conditions within the
experimental period. Compared to Liu et al. (2011), where slight anaerobic biodegradation
occurred within 50 days, the initial concentration of BTri, 4- and 5-TTri remained constant
after 50 days of incubation under the tested conditions. That indicates aerobic
biodegradation to be the major mechanism to biologically removing these BTs from the

aquatic system. This is corroborated by the findings of Liu et al. (2011).

4.4 CONCLUSIONS

Activated sludge communities, collected from three wastewater treatment plants with
different treatment regimes, were capable of eliminating BTri and 5-TTri, but not 4-TTri,
under aerobic, mesophilic conditions in the dark. 4-TTri was perfectly stable towards
biodegradation. Experiments with different nutrients showed that nitrogen availability is

more important than carbon supply for BTri biodegradation while 5-TTri was removed

79



Chapter 4 — Benzotriazole Biodegradation

regardless which type of nutrient was added. Fastest biodegradation occurred for 5-TTri with
no need for acclimation, followed by BTri. BTri showed sludge specific biodegradation
patterns but, after sludges acclimation, was removed with the same pattern, regardless the

used sludge.

Under denitrifying and sulfate reducing as well as under anaerobic conditions in presence of
different electron acceptors, none of the three compounds showed a biological removal.
Thus, presumably aerobic biodegradation is the major removal mechanism in aquatic

systems.
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Enhancement of 5-TTri Biodegradation with Activated Sludge

Communities by Means of Acclimation and Nutrient Supply

It is known that the corrosion inhibitor 5-tolyltriazole (5-TTri) is only partly eliminated during
wastewater treatment. As this compound can have a detrimental impact on aquatic systems,
there is an acute need to reduce the concentration of 5-TTri in the effluents of wastewater
treatment plants (WWTP). The main focus of the present study is to enhance the
biodegradation of 5-TTri through an acclimation step as well as by nutrient supply. Activated
sludge communities (ASC) were pre-screened in the presence of 20 mg L' 5-TTri and
proved capable of biodegrading 5-TTri. This biomass was then used to inoculate a
subsequent generation resulting in nine ASC generations. ASC generation two was
characterized by a lag phase of five days without biodegradation, after which rapid
biodegradation occurred. ASC generations four to nine were immediately able to utilize 5-
TTri after inoculation, with biodegradation rates ranging from 3.3 to 5.2 mg L' d’. An
additional experiment was performed where the supernatant from centrifuged AS was used
to simulate the nutrient conditions in wastewater. Sludge supernatant (SS) significantly
enhanced biodegradation, resulting in removal rates ranging from 3.2 to 5.0 mg L' d”,
without the need for ASC acclimation. The control group (without SS) on the other hand,
was characterized by biodegradation rates of <2.2 mg L' d'. Experiments with SS indicated
that 5-TTri removal might be dependent on nitrogen supply and presumably begins by
benzene ring cleavage, necessitating N-supply. Subsequent experiments performed with
three nitrogen species (NH,NO;, NH,Cl and NaNO;) also proved sufficient in enhancing
biodegradation. All nitrogen species showed similar biodegradation enhancement and
enabled the ASC to utilize 5-TTri without the need for acclimation.
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5.1 INTRODUCTION

The xenobiotic compound 5-methyl-benzotriazole (5-TTri) is a commonly used corrosion
inhibitor for protection of metal surfaces. 5-TTri is, in combination with 4-TTri,
commercially available as tolyltriazole (TTri) and widely used in metal finishing and in
cooling systems [86, 118]. 5-TTri is also used as anticorrosive in aircraft deicing or breaking
fluids [119], in household dishwashing detergents for silver and corrosion protection [63,
83] and as UV filter and/or sun screen agents [65, 90]. Due to its high production volume,
widespread usage, high polarity (logD 1.71), good water solubility and limited
biodegradability, 5-TTri is almost omnipresent in aquatic compartments [89, 94, 109, 137].
In river systems tolyltriazole was detected up to 134 ug L' for TTri [53] but no

concentrations for 5-TTri itself were available.

5-TTri showed toxic effects above concentrations of 6.0 mg L as reported in a previous
study with Microtox® tests (Vibrio fischeri light emission as toxicity test system) [113, 138].
Chronic effects of 5-TTri occurred already at concentrations of 0.40 mg L and showed
adverse effects in the aquatic organism Daphnia galeata [112]. Therefore, 5-TTri is generally
regarded as potentially hazardous for aquatic systems [114] implying the need to reduce
influent concentrations and optimize the removal efficiency of this compound. Especially
wastewater treatment plants (WWTP) were, besides small diffuse entry paths from road
runoffs, found to be the major point source for 5-TTri into the aquatic environment [63, 82,
85] as 5-TTri was often incompletely removed during treatment [26, 101, 102]. In literature
various laboratory biodegradation experiments examining the biodegradation behavior of 5-
TTri are described. Such experiments showed that 5-TTri can be eliminated e.g. by microbial
communities from activated sludge and aquifer material [89, 90]. However, these studies
were performed without microbial activated sludge community (ASC) acclimation or optimal
nutrient availability. Therefore, information on 5-TTri removal enhancement with respect to

biomass acclimation and nutrient composition is implicitly required.

For that purpose, the main objectives of this study were to evaluate efficient conditions to
optimize aerobic 5-TTri biodegradation. This was accomplished by performing several
acclimation steps to enhance ASCs’ 5-TTri biodegradation. Additionally, the effect of
nutrient availability was evaluated by applying a sludge supernatant derived from activated
sludge to simulate wastewater nutrient conditions as well as by additional supply of nitrogen
containing compounds. Therefore, biodegradation setups, continuously sampled, are used

for in depth-studies on 5-TTri biodegradation.
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5.2 MATERIALS AND METHODS

5.2.1 Chemicals

5-methyl-benzotriazole (5-TTri; CAS 136-85-6) was purchased from Sigma-Aldrich
(Steinheim, Germany), all other media components were obtained from Merck KGaA
(Darmstadt, Germany). Milli-Q water was prepared with a Milli-Q system (Millipore,
Billericia, MA, USA).

5.2.2  Experimental Setup for Biodegradation

Biodegradation was tested in different setups carried out in three media R2A-UV, MSM-SS
and MSM used for different experiments (Table 5.1Table 5.1 — Media compositions, carbon-
nitrogen ratio, nutrient applications and experimental setups.). All setups were supplied with
20 mg L 5-TTri and were prepared in 100 mL glass bottles filled with 20 mL of media and
covered with air-permeable aluminum caps. Aerobic conditions inside the reactors were
ensured by shaking at 150 rpm. No additional nutrients were supplied during the

experiment, i.e. the experiments were operated in batch mode.

Table 5.1 — Media compositions, carbon-nitrogen ratio, nutrient applications and experimental setups.

DOC:N
media components [g L] ratio application VE2e N0
P 8 (DOC:N PP experiment
Img L")
i 1. -evaluati
R2AUV casein peptone ( Q), - optimal growth pre-evaluation
. glucose (0.5), potassium : . of
(R2A media hosphate (0.3), soluble conditions, non- biodegradation
for UV-AM) phosp — (880:120) selective 5 i
starch (0.3) potential
MSM as MSM-CN, without selection of bacteria, acclimation
(mineral salt sodium acetate and - utilization of 5-TTri as and specific
media) NH,NO; sole C and N source  nitrogen supply
. ly of
MSM_SS MSM media supplied with 2.7:1 simulation of Sl:];)updyeo
10% sludge supernatant (162:62) wastewater conditions supernitant

- Hoagland trace elements (0.1 mL L") were added to all media

- pH was adjusted to 7.4 in all media

All experiments were run for a maximum of 10 days and operated in the dark to avoid
photolysis. Temperature was kept constant at 20°C (+ 2°C) for the duration of the

experiments. The pH was controlled to be in the range of 7 to 8. Sterile setups (media and
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twice autoclaved AS) and abiotic controls (media without biomass) were treated in the same

manner as biodegradation experiments.

5.2.3  Activated Sludge Inoculum

Original activated sludge (AS) was taken from stage 1 of a 2-stage municipal conventional
activated sludge plant (CAS-M) treating 1 million population equivalents. Stage 1 is the high
load stage with a food to microorganism ratio of 0.64 kg BOD; kg"' MLSS™. The influent
consists of municipal and industrial wastewater (1:1, v/v). 500 mL AS was collected in pre-

cleaned 1L glass bottles stored at 4°C and was used within 24h for reactor inoculation.

Biodegradation potential was pre-evaluated in 150 mL R2A-UV media spiked with 20 mg L™
5-TTri to apply a high selective pressure. The setups were inoculated to a total biomass
concentration of 3 g L' mixed liquor suspended solids. After biodegradation occurred, the
experiment was stopped and 1.0 mL of mixed biomass was used for inoculation of the
subsequent acclimation and nitrogen addition experiments. For sludge supernatant

experiments inoculation see 2.4.

5.2.4  Acclimation Procedure

Acclimation to 5-TTri was achieved in MSM over several generations from one to nine in the
following manner: First generation reactor was inoculated with 1.0 mL pre-evaluated,
acclimated AS and was kept running until biodegradation occurred (after 15 days). The
experiment was stopped and 1.0 mL of the reactor suspended biomass was used for
inoculation of a subsequent experiment termed generation two. After observing
biodegradation the generation two experiment was stopped and the third generation reactor
was prepared in the same manner as the second-generation one. These setups were repeated

until generation nine, obtaining a highly selected biomass for 5-TTri biodegradation.

Biomass from all generations was harvested by centrifugation (20 min, 10,000 g, 4°C), the
pellet resuspended in PBS and stored at 4°C. 1.0 mL of this biomass was used to inoculate

the sludge supernatant experiments.

5.2.5  Specific Nutrient Supply
A) Sludge Supernatant Experiments

A supplement derived from AS was tested and prepared by autoclaving (20 min, 121°C) AS
twice followed by centrifugation (10 min, 10,000 g) and filtration of the supernatant at 0.45
pum to remove all solid particles. The obtained sludge supernatant (SS) was added at a total

amount of 10% (v/v) to MSM media (Table 5.1) producing MSM-SS. These setups were
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inoculated with 1.0 mL reactor suspended solids obtained from generations 2 to 6 from the

acclimation experiment.
B) Nitrogen Addition Experiments

Setups were prepared by adding the three different nitrogen species NHsNO;, NaNO; and
NH,CI at different nitrogen concentrations to MSM media. Total N-concentrations of 25, 50,

100, 250 and 500 mg L™ were used and supplied together with 20 mg L™ 5-TTri.

5.2.6  Detection of Biodegradation

200 ul supernatant, taken after 30 min sedimentation from the setups, were used for UV-
absorbance measurements (UV-AM) as described in Chapter 2 with the following changes
applied: Calibration was accomplished with 5, 10, 15 and 20 mg L™ 5-TTri in high-purity
water and the used media to evaluate measurement reliability and background absorbance.
Measurements were accomplished in 96 well UV-star plates from Greiner Bio-One (Greiner
Bio-One GmbH, Frickenhausen, Germany) in 200 pL volumes and analyzed with an
automated plate reader (EnSpire® Multimode Plate Reader, Perkin Elmer, Rodgau,
Germany). For each measurement a 5-TTri blank (media with SMX but without organisms)
was measured to detect changes over time as well as a blank (media without 5-TTri) to
detect background absorbance. 5-TTri removal was calculated by using the corresponding
absorbance values at a wavelength of 262 nm. Decreasing values indicated biodegradation.
Removal is given in C/C, by dividing the initial absorbance value (Cy) by the values

measured after a specific incubation time (C).
5.3 RESULTS AND DISCUSSION

5.3.1  Activated Sludge Acclimation at Low-Nutrient Conditions

Sterile setups approved sorption onto biomass to be negligible and abiotic reactor setups
showed 5-TTri to be stable as photodegradation was excluded by performing all experiments

in the dark.

The pre-evaluation experiment performed in R2A-UV media inoculated with original AS
obtained right from the WWTP showed that the ASC was capable to biodegrade 20 mg L™ 5-
TTri. In order to cultivate as many organisms as possible the complex nutrient composition
of R2A was used to foster growth of aquatic organisms [139]. Usage of 20 mg L™ 5-TTri was
assumed to apply already a strong selective pressure towards organisms able to utilize 5-
TTri. As biodegradation occurred, 1.0 mL of reactor suspended biomass was used to

inoculate the following acclimation experiment.
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All following acclimation setups were performed in MSM media to create oligotrophic
conditions being assumed to force the ASC towards faster 5-TTri consumption. First
generation ASC setup was discarded as it contained sludge residues that interfered with UV-
AM. Therefore, a comparable and sensitive measurement with respect to the subsequent
generations was not possible as the sludge created a strong fluctuation and background
absorbance that could not be controlled. However, it was possible to detect the general
biodegradation trend in the first generation setup revealing that this generation behaved
similar to the ASC used for the pre-evaluation test. Comparable and reliable measurements
were possible from generation two onwards. This is the reason why the acclimation
experiment was started from that generation (Figure 5.1). The 2™ generation ASC was found
efficient to degrade 5-TTri but required around 5 days, where no biodegradation occurred,
to acclimate to the low nutrient conditions in MSM and the utilization of 5-TTri as sole
nutrient source (Figure 5.1 and Table 5.2). This lag phase might be required because the
metabolic processes needed for 5-TTri biodegradation had to be established in the cells, a
scenario being also observed by other studies investigating biodegradation of phenolic
compounds [140, 141]. However, once the cells’ metabolism was able to utilize 5-TTri,

biodegradation was found to be very fast with a removal rate of 4 mg L™ d™.

Table 5.2 — Biodegradation rates taken as the slope from the linear fitted lines of the ASC derived from
the acclimation and nutrient experiments.

experimental biodegradation rate [mg L d™']
. supply of sludge supernatant (Table 5.1)
ASC generation acclimation PPY 5E 5P
addition of SS control group
(Figure 5.1)
(MSM-SS) (MSM)
2 4.0 3.2 <1.0
3" 5.0 4.4 <1.0
4" 3.3 4.3 2.0
5" 4.4 5.0 2.2
6" 4.7 4.2 2.2
8" 5.1 - -
9" 5.2 - -

The 3™ generation ASC originated out of the second, showed a similar behavior but with a
reduced lag phase of four days and an increased biodegradation rate of around 5 mg L™ d”.
As a lag phase was still required for the ASC to adapt to the oligotrophic conditions, it was

clear that the organisms were still not fully acclimated to solely using 5-TTri as nutrient.
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The 4" generation ASC was characterized by a significantly improved 5-TTri biodegradation
capacity. A lag phase was not observed any more indicating that the cells” metabolism was
completely adapted to utilizing 5-TTri as nutrient source but the lower biodegradation rate
of 3.3 mg L d"' compared to the 3" generation ASC indicated that there is still optimization
required regarding the cells’ biodegradation potential. Although the total time needed to
achieve an almost complete biodegradation of 20 mg L™ 5-TTri was with just around six
days significantly less compared to the former generations, subsequent experiments were

performed to achieve the ASC full biodegradation potential.
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Figure 5.1 — 5-TTri removal monitored by UV-absorbance measurements.

Acclimation was achieved in MSM over nine generations. The biomass of the precursor generation
was used as inoculum for the next generation. Dashed lines represent linear removals calculated by a
linear function (R* values were in the range from 0.71 to 0.98).

All following ASC generations did not show any lag phase and were able to utilize 5-TTri
immediately after inoculation without the need for adaption. The 5" generation ASC again
showed a better removal rate compared to the previous generation with a biodegradation
rate of around 4.4 mg L' d” and a total removal time ranging from 4 to 5 days. From the 5"
generation onwards no significant further improvements regarding biodegradation rate could
be achieved. The following generations showed a similar removal rate ranging from 4.7 to
5.2 mg L' d" with its maximum in ASC generations eight and nine, indicating no further

improvements due to adaption. These biodegradation rates were significantly higher than the
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one of 0.05 mg L' d"' reported in a similar study with an initial concentration of 1.0 mg L
[90]. The higher initial concentration used here might explain the higher biodegradation

rates as the selective pressure towards utilization of 5-TTri was far higher.

Generally, ASC generations two to nine achieved a significant improvement regarding their
lag phase, where no biodegradation occurred, whereas the removal rate did not change to
the same extent as it was found to be in a narrow range from 3.3 to 5.2 mg L d". Other
acclimation studies focusing on biodegradation of phenolic and other xenobiotic
compounds by ASC showed a similar biodegradation strategy with respect to acclimation of
the inoculum and biodegradation rate [132, 142, 143]. The present study showed that 5-TTri
was easily removed by the ASC when time for acclimation was given. The organisms already
present in activated sludge are able to utilize 5-TTri as sole nutrient source by switching on
the required metabolic processes. Nevertheless, the conditions applied during that
experiment might not be stringent enough to specifically cultivating a microbial community
consisting solely of organisms able to utilize 5-TTri. However, the acclimation conditions
were adequate to enhance 5-TTri biodegrading ASC metabolism as indicated by the
completely omitted lag phase with no biodegradation from the third to the fourth ASC
generation. Additionally, this showed the ASC’ ability to completely adapting to 5-TTri
utilization as sole nutrient within a short time. Further research has to show how long the
immediate 5-TTri utilization ability, i.e. no lag phase required, will remain within the ASC if
no 5-TTri is present and if low 5-TTri concentrations, as they are found in WWTPs, will be

enough to acquire this competence.

5.3.2  5-TTri Biodegradation Enhancement by Nutrient Supply

To screen for further optimization possibilities derived from the utilization of specific
nutrients, the following experiments were performed to evaluate the ASC behavior in

presence of different substrates.

5.3.2.1 Effect of Sludge Supernatant on 5-TTri Biodegradation

Sludge supernatant (SS) was tested as a specific nutrient to simulate wastewater nutrient
concentration and composition. Two separate experiments consisting of five different setups
each were initially inoculated with 1.0 mL reactor suspended biomass of biodegrading ASC
from generations 2 to 6 obtained from the previous experiment (Figure 5.2) resulting in 10
setups termed again generation 2 to 6. One experiment was performed with MSM media

(control setups) while the second was additionally supplied with SS (MSM-SS setups).
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The control setups generations two and three without SS showed a similar behavior as the
acclimation experiment regarding lag phase (Figure 5.2, white symbols). The first two ASC
generations showed almost no removal in eight days while the remaining generations
showed 5-TTri degradation with reduced rates around 2.2 mg L' d' and no lag phase as

they immediately started biodegradation after inoculation (Table 5.2).
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Figure 5.2 — 5-TTri removal in sludge supernatant supplied setups monitored by UV-absorbance
measurements.

Sludge supernatant supplied (MSM-SS, solid lines, black symbols) and non-supplied (MSM, dashed
lines, white symbols) setups with dashed lines representing linear removal calculated by a linear
function (r* values were in the range from 0.95 to 0.97). Inoculation was accomplished with 1.0 mL
reactor suspended biomass from ASC generations two to six obtained from the previous acclimation
experiment (Figure 5.1 and subchapter 5.3.1).

The control experiment additionally showed that acclimation towards 5-TTri can be lost
when 5-TTri is not continuously present in the system. Biodegradation rates were lower and
lag phases for ASC generation two and three longer as compared to the previous acclimation
experiments that might be attributed to the biomass storage conditions. Biomass used for
inoculation of this experiment was derived from the previous one. To be able to inoculate all

reactors at the same time, biomass was stored at 4°C for four weeks. Therefore, inoculation
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was performed with not actively biodegrading biomass at the start of this experiment and the
far lower biodegradation rates demonstrated that storage conditions significantly influenced

5-TTri biodegradation efficiency.

In contrast to these results, the five reactor setups supplied with SS showed a completely
different behavior (Figure 5.2, black symbols). All five ASC generations showed similarly
high biodegradation potential not requiring any acclimation and achieved degradation rates
ranging from 3.2 to 5.0 mg L' d”. Even ASC generations two and three immediately started
biodegradation after inoculation and did not require any lag phase for acclimation as was
observed for the control group. The addition of SS enabled the ASC to readily biodegrade 5-
TTri without the need for acclimation after a four weeks storage at 4°C. High biodegradation
rates for all five ASC generations indicated that SS directly pushed cellular metabolic
processes to the limit as already the 2" generation showed a three times higher

biodegradation rate than the corresponding generation from the control setup.

Chemical analysis of SS revealed a carbon concentration of 162 mg L' and a nitrogen
content of 62 mg L™ i.e. a C:N ratio of 2.7:1. As just 10% (v/v) SS were added to the setups a
very low carbon and nitrogen concentration was supplied which was improbable to
enhance 5-TTri biodegradation. Seemingly, SS composition rather than concentration
affected biodegradation. Sludge supernatant specific compounds, e.g. metabolic precursor
substrates, amino acids or other small molecules, might be present in the SS in slight traces
only but were required by organisms to directly foster metabolic processes or increase the
cells" metabolic activity towards utilization of 5-TTri. These “unknown” substances,
contained in media derived from nature, were also found to be important for growth of
marine bacteria [144]. Simulating natural wastewater conditions was therefore used as a
successful alternative approach to foster growth of “uncultivable cultures” as was also
described by other studies focusing on the enhancement and isolation of unknown species

from various environments [145-147].

It seemed likely that the carbon-nitrogen ratio might play a major role for optimization of 5-
TTri biodegradation as was already found for obtaining optimal growth conditions in a
microbial fuel cell [148]. Sludge supernatant supply was found to be an effective way to

|//

strongly improve 5-TTri biodegradation probably due to its “natural” composition.

5.3.2.2 Effect of Nitrogen on 5-TTri Biodegradation

As it was found to be likely that nitrogen supply plays a central role for 5-TTri
biodegradation, experiments with three different nitrogen species in varying concentrations

were conducted. NH;NOs3, NH,Cl and NaNO; were added to MSM media, containing no
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additional carbon source, in the manner that nitrogen-N concentrations of 0 (= control
setup), 25, 50, 100, 250 and 500 mg L™ were achieved. Each reactor was inoculated with
reactor suspended biomass obtained straight from the pre-evaluation biodegradation
experiment that already biodegraded 5-TTri. For this experiment, unlike the acclimation
experiment (see 5.3.1), pre-evaluation sludge was used for inoculation as only screening for
the general biodegradation trend was the aim of this experiment and a high sensitivity was
not required. In addition, the effect of nitrogen on not yet fully acclimated ASCs was
observed. Therefore, inoculation was performed with sludge that was not specifically

adapted to 5-TTri biodegradation over several generations.

Figure 5.3 A shows the ASC biodegradation behavior in presence of increasing NaNO;
concentrations. Best biodegradation compared to the control setup was observed in
presence of 50 and 100 mg L additional nitrogen. The other three concentrations also
provoked a very fast removal that was not as strong as observed with 50 and 100 mg L™
nitrogen-N. The addition of NH,Cl also showed a significant biodegradation improvement
being strongest at 25 mg L additional nitrogen supplement in comparison to the control
setup (Figure 5.3 B). The four higher concentrations of ammonium chloride slightly reduced

biodegradation efficiency compared to the 25 mg L™ setup.

The same general effect was observed for NH,NO; (Figure 5.3 C). Biodegradation was
significantly enhanced at all concentrations as compared to the control setup. Best
biodegradation was found for concentrations of 25, 50 and 250 mg L™ while 100 and 500
mg L' showed a slightly reduced biodegradation capacity.

In general, all nitrogen-supplied setups eliminated 5-TTri considerably faster than those
without N-supply and were even faster as compared to ASC generation 2 from the
acclimation experiment (Figure 5.1). Neither nitrogen species composition nor concentration
was found to specifically affect biodegradation potential as all reactor setups were able to
remove 5-TTri significantly better than the control without additional nitrogen-N. Therefore,
it seems likely that nitrogen presence is required to foster efficient biodegradation.
Moreover, low concentrations of rather unspecific nitrogen compounds were already
sufficient, probably due to carbon limitation in this experiment. In wastewater, carbon and
nitrogen are present simultaneously enabling the ASC to use these nutrients to produce
biomass. Without carbon, nitrogen is mainly used for cell metabolic processes and therefore

already low nitrogen concentrations were sufficient to enhance 5-TTri biodegradation.
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Figure 5.3 A, B, C — 5-TTri removal monitored by UV-absorbance measurements.

MSM control setup without nitrogen supply and setups spiked with A) NaNO;, B) NH4CI and C)
NH,NO; in varying concentrations ranging from 25 to 500 mg L. Inoculation was accomplished
with 1.0 mL suspended biomass obtained from the pre-evaluation experiment.

These results suggest that the activity of ASC towards utilization of 5-TTri is strongly related
to nitrogen availability rather than carbon supply. This is obvious when comparing the
biodegradation with SS supply (Figure 5.2) with the results observed during nitrogen supply.
Nitrogen-supplied ASC showed a similarly high 5-TTri removal as the SS-supplied ASC that
also contain carbon sources. Therefore ASCs might be able to obtain carbon directly from 5-
TTri without the need for an additional carbon supply. Biodegradation of 5-TTri probably
start right from the attack of the benzene ring rather than the heterocyclic nitrogen-

containing ring as suggested by a previous study [90]. The benzene ring could serve as
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carbon source as it is known that such ring structures, e.g. phenol, are readily biodegraded
[149]. Heterocyclic nitrogen containing compounds are often more persistent to
biodegradation, especially the 1,2,3-triazole structure contained in 5-TTri that is often found
in fungicides [150, 151]. Therefore nitrogen supply significantly enhanced biodegradation as

nitrogen could not be regained from 5-TTri.

5.4 CONCLUSION

Stepwise acclimating an ASC significantly enhanced 5-TTri biodegradation. Subsequent
experiments, using the actively biodegrading biomass from the precursor experiment as
inoculum, resulted in a multi-generation setup. 5-TTri biodegradation was enhanced three
times with a biodegradation rate of around 4 mg L' d”'. This multi-generation acclimation
method was sufficient in reducing acclimation time and simultaneously increased 5-TTri

consumption rate.

In addition, sludge supernatant (SS), derived from activated sludge, was found to
significantly enhance 5-TTri biodegradation. Setups supplied with SS did not require any
time for acclimation and showed high and consistent removal rates around 5 mg L d™.
Seemingly, SS contained specific substances that fostered biodegradation by increasing ASC

activity and enhanced the cells’ metabolic processes rather than enabling biomass growth.

Subsequent experiments with three nitrogen-containing compounds demonstrated nitrogen
to be a crucial factor for biodegradation. In presence of nitrogen, independent of the
nitrogen species and applied concentrations, biodegradation was almost as fast as in setups
with SS indicating that 5-TTri might serve as a carbon source rather than a nitrogen source.
Therefore, 5-TTri biodegradation might start from degradation of the benzene ring.
Generally, acclimation of ASC and sufficient nitrogen supply effectively enhanced 5-TTri

biodegradation.
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Chapter
6

Comparative Analysis of Metagenomic Data and DGGE
Results Regarding 5-Tolyltriazole Biodegrading Activated

Sludge Communities

5-tolyltriazole (5-TTri), a corrosion inhibitor and only partly eliminated during wastewater
treatment, can have a detrimental impact on aquatic systems. Reducing the concentration of
5-TTri in the effluents of wastewater treatment plants (WWTP) is vitally required. Therefore,
this study focused on the characterization of 5-TTri biodegrading activated sludge
communities (ASC) by means of denaturing gradient gel electrophoresis (DGGE) compared
with metagenomic analysis of the whole ASC. DGGE analysis revealed a low biodiversity
with the four dominant species Aminobacter spp., Flavobacterium spp., Hydrogenophaga
spp. and Pseudomonas spp.. Metagenomic analysis by mapping de novo assembled
sequences against the NCBI database showed a higher diversity across the different setups.
The most prominent species, i.e. species that appear in a high DNA abundance, in MSM-CN
(acetate/ammonium  nitrate-supplemented) medium, are Mesorhizobium spp. and
Hydrogenophaga spp.. In MSM-SS, i.e. sludge supernatant-supplemented medium,
Acidovorax spp., Hydrogenophaga spp. and Pseudomonas spp. were found in highest DNA
abundance. In general, eighth generation setups were better adapted to 5-TTri
biodegradation than first generation setups as their biodegradation occurred faster and
metatranscriptomic analysis revealing a higher metabolic activity of the organisms in MSM-
SS media. Acidovorax spp., Hydrogenophaga spp. and Pseudomonas spp. were identified as
the most likely species contributing to 5-TTri biodegradation as they showed highest activity
in the biodegrading setups.
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6.1 INTRODUCTION

The xenobiotic compound 5-methyl-benzotriazole (5-TTri), commercially available as
mixture tolyltriazole, is a commonly used corrosion inhibitor for protection of various
surfaces. Tolyltriazole, consisting of 5-TTri and 4-TTri in varying proportions, is widely used
in metal finishing and cooling systems [86, 118], as anticorrosive additive in aircraft deicing
or breaking fluids [119], in household dishwashing detergents for silver and corrosion
protection [63, 83] and as UV filter and/or sun screen agent [102, 120]. 5-TTri, polar (logD
1.71) and thus good water-soluble combined with its high production volumes and
widespread usage results in almost omnipresent occurrence in aquatic compartments [84,
94, 122, 123]. Wastewater treatment plants (WWTPs) are incapable of completely removing
5-TTri during treatment [101, 102], although removal efficiencies of up to 90% are reported.
Besides other small scale diffuse entry paths from road runoffs, [17, 82, 85] WWTPs are the
major aquatic systems influent pathways. Thus, optimization is implicitly required to
improve the treatment process with respect to enhanced 5-TTri removal. Due to its discharge
from WWTPs the mixture tolyltriazole (TTri) was detected with concentrations up to 134 ng
L™ in river systems [53] and up to 0.51 pg L™ in groundwater that is used for drinking water

generation [17].

These results are all the more problematic as 5-TTri already has shown acute toxicity in
concentrations above 6.0 mg L™ as reported by a previous study with Microtox® tests (Vibrio
fischeri light emission as toxicity test system) [113, 124]. Chronic effects were already
observed at even lower concentrations of 0.40 mg L' where 5-TTri showed adverse effects
in the aquatic organism Daphnia galeata [112]. 5-TTri is generally regarded as potentially
hazardous for aquatic systems [114] which implies the need to enhance the removal
efficiency of this compound in WWTP systems. Laboratory biodegradation experiments,
being conducted to examine the behavior of 5-TTri, showed that 5-TTri can be eliminated
biologically in activated sludge systems [90] and also within aquifer material [89]. However,
up to now no studies are available describing the composition of the activated sludge
community (ASC) that is capable of 5-TTri biodegradation. For a successful optimization of
the removal efficiency of activated sludge systems, information on community structure and
participating organisms is implicitly required. This knowledge might be also useful to
understand why 5-TTri, although chemically closely related to 4-TTri, is far better

biodegraded and might ultimately be used to also improve biological 4-TTri removal.

To address that lack of knowledge, this study evaluates the community structure of two

acclimated 5-TTri biodegrading activated sludge-derived communities by denaturing
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gradient gel electrophoresis (DGGE) and compares the results with a metagenomic and
metatranscriptomic analysis approach. By doing so information about the ASC composition
(who is in there) and also about the bacteria-specific activity was retrieved allowing a
detailed view on the abundance of ASC organisms that might play a crucial role in 5-TTri

biodegradation.
6.2 MATERIALS AND METHODS

6.2.1  Chemicals and Reagents

5-methyl-benzotriazole (5-TTri; CAS 136-85-6) was purchased from Sigma-Aldrich
(Steinheim, Germany), all other media components were from Merck KGaA (Darmstadt,

Germany). DNA and RNA cleanup kits were from Qiagen GmbH (Hilden, Germany).

6.2.2  Experimental Setup for Biodegradation

Biodegradation was tested in separate setups with the two media MSM-CN, containing only
specific and readily degradable carbon and nitrogen sources, and MSM-SS, containing
unspecific, complex nutrients (Table 6.1). All setups were supplied with 20 mg L 5-TTri.
Aerobic media were prepared using 1000 mL Erlenmeyer flasks with air-permeable
aluminum caps filled with 400 mL media. Aerobic conditions inside the reactors were
ensured by shaking at 150 rpm. All experiments were performed in batch mode, i.e. no

additional nutrients were supplied during the experiment.

Table 6.1 — Compositions, DOC to N ratios and applications of the used media for biodegradation
experiments.

DOC:N
. = ratio -
media components [g L] oo —
mg L)
MSM-CN KH,PO, (0.08), K;HPO, (0.2), Na,HPO,

(0.3), MgSO,4*7 H,O (0.02), CaCl,*2 H,O 33:1

dia with -metaboli
(rzear']zm') (0.04), FeCl3*6 H,0 (0.0003), sodium  (90:2.7) coTmetabolism
acetate (0.3) and NH,NO; (0.0075)
MSM lecti f bacteri
: as MSM-CN, without sodium acetate and selec 19n e
(mineral = growth with SMX as sole C
. NH4NO;
salt media) and N source
MSMLSS MSM media supplied with 10% sludge 2.7:1 Mimic natural wastewater
supernatant (162:62) conditions, co-metabolism

- Hoagland trace elements (0.1 mL L) were added to all media
- pH was adjusted to 7.4 in all media

Experiments for metagenome, metatranscriptome and DGGE analysis were run for 22 days.

Reactors were inoculated with 1.0 mL of generation one and eight of acclimated
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biodegrading reactors. 5-TTri removal was monitored by UV-absorbance measurements
(UV-AM) at 262 nm and was calculated by using the corresponding absorbance values (see
Chapter 2.2.4.1 for a detailed description). Decreasing values indicated biodegradation.
Removal is given in C/C, by dividing the initial absorbance value (Co) by the values

measured after a specific incubation time (C).

All experiments were carried out in the dark to avoid photolysis. Temperature was kept

constant at 20°C (+ 2°C), pH at 7.4 for the duration of the experiments.

Inoculation was achieved with 5-TTri-acclimated activated sludge obtained from stage one
of CAS-M in a previous sampling (see 4.2.2). Acclimation was performed over several
generations from one to eight in the following manner: First generation reactor was
inoculated with 1.0 mL PBS-washed activated sludge and was kept running until
biodegradation occurred. The experiment was stopped and 1.0 mL of the reactor used for
inoculation of a subsequent experiment referred to as generation two. After observing
biodegradation the experiment was stopped and the third generation reactor was prepared in
the same manner. These setups were repeated until generation eight, obtaining a biomass

highly selected for 5-TTri biodegradation.

Samples for DNA analysis by DGGE were taken after 7, 9 and 22 days by withdrawing 100
mL reactor suspended biomass. Samples for DNA and RNA analyses by next-generation-
sequencing were taken at day 9 in the same way. Samples were divided 1:1 and filled into

pre-washed glass bottles and prepared differently for DNA and RNA extraction.

6.2.3  DNA and RNA Extraction for Next-Generation-Sequencing

DNA Preparation: 50 mL samples were centrifuged 30 min, 4°C, and 10,000 g. The pellet
was resuspended in 500 pL PBS-Buffer (NaCl (8.0 g L"), KCI (0.2 g L"), Na,HPO, (2.7 g L),
KH,PO, (0.2 g L") and kept frozen at -80°C before extraction.

RNA Preparation: 50 mL samples were centrifuged for 30 min, 4°C, and 10,000 g. The pellet
was resuspended with 1000 pL RNAlater RNA Stabilization Reagent (Qiagen). After
inoculation for 1 min, 4°C, cells were pelleted again with the same centrifugal settings,

RNAlater discarded and the pellet only frozen at -80°C before RNA extraction.

DNA/RNA Extraction: All extractions were performed with all-in-one kits from Qiagen. For
DNA the DNeasy Blood & Tissue Kit and for RNA the RNeasy Mini Kit was used. All steps
were conducted according to the manufacturer’s protocol. DNA and RNA concentrations
were measured with a Nanodrop (Thermo Fisher Scientific, Schwerte, Germany). Extracted

DNA and RNA were stored in elution buffer at -80°C before further analysis.
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6.2.4  Denaturing Gradient Gel Electrophoresis (DGGE)

The V1 — V3 regions of the bacterial 16S rRNA genes were amplified by PCR from the total
genomic DNA obtained in the same way as the DNA for next-generation-sequencing. The
primers 27f-GC (5'-AGA GTT TGA TCM TGG CTC AG-3’) with GC clamp (5’-CGC CCG
CCG CGC CCC GCG CCC GTC CCG CCG CCG CCC CCG CCC CGG-3) attached to the
5" end of the primer 517r (5- GTA TTA CCG CGG CTG CTG GC -3) [152]. The V3 — V5
regions were amplified using primers 341f-GC (5-CCT ACG GGA GGC AGC AG-3") and
907r (5"-CCG TCA ATT CMT TTG AGT TT-3"). Temperature cycling was performed using
GoTaq Hot start master mix from Promega (Mannheim, Germany). One cycle of 95°C for 2
min, 15 cycles of 94°C for 0.5 min, X°C for 0.5 min and 72°C for 0.5 min, followed by 20
cycles of 94°C for 1 min, X°C for 0.5 min and 72°C for 0.6 min (each step elongation time
was increased by 5 seconds). X= 55°C (27f/517r); 52°C (341/907r). DGGE analysis was
performed on a DCode universal mutation detection system from Bio-Rad (Munich,
Germany). 10 pL of the obtained PCR products were loaded onto 6% (w/v) polyacrylamide
gels in 1X TAE buffer using a denaturing gradient ranging from 20% to 80% with a 100%
denaturing solution being defined as 7 M urea and 40% (v/v) formamide. Electrophoresis
was performed at 60 V for 16 h at 55°C. After electrophoresis, gels were stained for 10 min
with ethidium bromide (0.5 pg mL™") in TAE buffer and photographed. Dominant bands were
excised from the gel, eluted in 100 pL sterile TE buffer overnight at 20°C and re-amplified
with their corresponding primer set 27f (GC free) and 517r or 341f (GC free) and 907r. The
PCR products were cleaned from residual primer with QIAquick PCR Purification Kit
(Qiagen) before they were sent for sequencing to MWG Operon (Ebersberg, Germany).

6.2.5  Phylogenetic Analysis

Nucleotide sequences that were obtained from DGGE bands of 16S rRNA genes were
analyzed by comparing the gene fragments with the ones listed in the public database ENA
(European Nucleotide Archive, http://www.ebi.ac.uk/ena/) to identify the nearest
phylogenetic neighbors. Species names, closest relatives, and maximum similarity are given

in Table 6.2.

6.2.6  Library Preparation and Next Generation Sequencing
Metagenomic Analysis by DNAseq

Tug of genomic DNA was used to generate the sequencing libraries following the Truseq
DNA v2.0 protocol (lllumina). Genomic DNA was fragmented at a mean size of 300 bp by a

Covaris S220. Samples were multiplexed on a single lane of a HiSeq flow cell v3 (Illumina).
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Paired end reads of 2 x 50 nucleotides were produced with a Hiseq1000 using SBS v3 kits
(Ilumina). Cluster detection and base calling were performed using RTAv1.13 and quality of
reads assessed with CASAVA v1.8.1 (lllumina). The sequencing resulted in 34 and 70
million pairs of 50 nucleotide long reads for each sample with a mean Phred quality score >

35.
Metatranscriptome analysis by RNAseq

Directed RNA-Sequencing libraries were generated from 50ng of total RNA following the
Truseq RNA protocol (lllumina, without purification) with polydT beads and the
modification of the 2" strand cDNA synthesis described elsewhere [153]. Paired end reads
of 2 x 50 nucleotides were obtained from a single lane with a Hiseq1000 using SBS v3 kits
(Ilumina). Cluster detection and base calling were performed using RTAv1.13 and quality of
reads assessed with CASAVA v1.8.1 (lllumina). The sequencing resulted in 62 and 121
million pairs of 50 nucleotide long reads for each sample with a mean Phred quality score >

35.

6.2.7  Sequence-Data Processing

Andreas Doetsch at the Institute of Functional Interfaces, KIT, Karlsruhe, accomplished all

metagenomic and metatranscriptomic data processing.

A de novo assembly with the sequence fragments was performed. Therefore, the
metagenome of each sample was assembled using idba-ud [154] with k-values ranging from
35 to 50 and step size of 5. Protein coding genes were predicted with MetaGeneMark using
default parameters [155] and annotated by BLAST search using BLAST+ version 2.2.28 [156]

and the non-redundant protein database (nr) available from NCBI.

The original sequence reads were mapped to the contigs resulting from the de novo
assembly using bowtie2 [157] and coverage of the predicted protein coding genes was
calculated by summing up the number of reads that overlapped with the annotated open
reading frames (rpg or reads per gene). The taxonomic composition of each metagenome
was estimated based on the taxonomy information associated with the BLAST-annotation of
protein coding genes. The abundance of a certain taxon was determined by summing up all
rpg values of genes with identical taxon ID excluding proteins with less than 80 % identity

and 80 % alignment length of the best BLAST hit.
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6.3 RESULTS AND DISCUSSION

6.3.1  Biodegradation of 5-TTri under Aerobic Conditions and Different Media

5-TTri biodegradation experiments were performed in batch mode, i.e. only initial nutrient
supply, and with two generations one and eight. Generation 1 was derived right from
activated sludge as no high sensitivity was required, while generation eight was acclimated
eight-times to high 5-TTri concentrations (see 5.2.3). The setups containing only MSM
without any additional nutrients did not show any biodegradation in both generations and
thus were not considered for subsequent analysis (Figure 6.1, © and ® ). Approaches
conducted with MSM-CN and MSM-SS showed different biodegradation patterns (Figure
6.1). 1% and 8" generation setups in MSM-SS showed a steady decrease in UV-absorbance
immediately from the start indicating a high 5-TTri biodegradation. First generation in MSM-
SS additionally showed an initial slight increase in UV-AM due to biomass growth that was

not observed in the 8" generation.
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Figure 6.1 — 5-TTri biodegradation patterns observed with UV-AM in three different media (Table 6.1)
inoculated with ASC from generation one and eight. DNA analyses with DGGE were performed at
day 7, 9 and 22, DNA and RNA analyses with next-generation-sequencing at day 9.
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This indicates that 8" generation organisms focused on 5-TTri utilization while 1% generation
organisms were not well adapted yet and used the sludge supernatant primarily for growth
instead of co-metabolically degrading 5-TTri. 1" and 8" generation setups in MSM-CN
behaved completely different regarding biodegradation but started off the same way with an
increase in UV-AM due to the nutrients in MSM-CN being utilized for biomass production.
After three days 8" generation setups showed a strong decrease in UV-AM that indicated 5-
TTri biodegradation while parallel 1* generation setup did not show any biodegradation and

5-TTri concentration remained stable.

After seven days 1% and 8" generation setups in MSM-SS and 8" generation in MSM-CN
showed a strong decrease in UV-AM. Therefore, biomass samples from the seventh day were
used for DNA extraction to analyze the ASC composition as it was assumed that the 5-TTri
biodegrading ASCs should then have been fully established. Two days later these three
setups decreased even further while 1* generation setup in MSM-CN still did not show any
sign of biodegradation. Therefore, all four setups were sampled at day nine and were used
for DNA as well as RNA extraction because all setups but 1* generation MSM-CN should
have been fully active towards 5-TTri biodegradation. These four samples were used for
DNA analysis to evaluate the abundance of organisms therein and for RNA analysis to assess
the organisms’ specific activity. First generation MSM-CN did not show any biodegradation
and was thus used as ‘blank’ to study the ASC composition and activity of a 5-TTri non-
degrading bacterial community (Figure 6.1). In addition, DNA samples for DGGE analyses

were also taken at day 22 at the end of the experiment.

6.3.2  DGGE Patterns of 5-TTri Biodegrading ASC

The total DNA obtained from the samples at day seven, nine, and at the end of the
biodegradation experiment at day 22 were analyzed by DGGE to profile their diversity and
detect changes in the ASC structure among the different generations. Two primer sets were

used to evaluate if differences in the banding patterns occur due to applied primers.

Primer set 27f_GC-517r revealed a very clear banding pattern that in most samples consisted
of no more than three bands (Figure 6.2) that were all located at a gradient concentration of
around 70 to 75% (Figure 6.3). MSM-CN 8" generation setups always showed three clear
bands with the first band being present in these setups only. Highest diversity was observed
in MSM-SS 8" generation setups that showed two clear bands with the first band being a
double one and a very strong band at the end of the profile. Many faint bands were detected
in between. The total diversity in all setups was very low as all bands were located in a

narrow gradient from 70% to 75% whereas not many taxonomic groups are expected. All
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marked bands (white rectangles, 1 to 3 in Figure 6.2) were excised from the gel and

taxonomically identified (Table 6.2).
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8.Gen 1.Gen 8.Gen 1.Gen 8.Gen 1.Gen X

after 22 days of incubation after 9 days of incubation after 7 days of incubation

Figure 6.2 — DGGE band profiles of the ASC from generation one and eight after seven, nine and 22
days of incubation (see Figure 6.1) in two different media (Table 6.1).

PCR products, amplified with primers 27f_GC-517r, were analyzed on a gradient ranging from 20 to
80%. A Tkb DNA ladder was used as marker. Marked bands were excised and sequenced (see

Table 6.2).
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Figure 6.3 — Magnification of DGGE band profiles of ASC amplified with primer set 27f_GC-517r.
Visible gradient ranging from 70 to 75%.
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Table 6.2 — Species found in the 5-TTri biodegrading ASC by sequence analysis of excised DGGE
bands. Provided are sequence length and the similarity to the closest relative in the ENA database
(http://www .ebi.ac.uk/ena/).

Primer/  DGGE imilarit
Frilg;i; band generation Species sm1[10/:]r1 y closest relative (ENA)
1a 8 Pseudomonas sp. 100 KF379759, Psgudomonas
fragi
KF379759, Pseud
1b 8 Pseudomonas sp. 100 GRS
fragi
27f_GC 49044 Fl .
2a 8 Flavobacterium sp. 99 JQ349044, Flavobacterium
=517r sp. KTce-4
Figure 49044, Fl. .
(Fig b 8 e 95 99 JQ349044, Flavobacterium
6.2) sp. KTce-4
AB638427
3 8 Hyd h . 99 !
) yATosEnophaga sp Hydrogenophaga defluvii
AB638427
3b 8 Hyd h ) 98 ’
R Hydrogenophaga defluvii
4a 8 Pseudomonas sp. 99 AY972176, Pseqdomonas
plecoglossicida
AY972176, Pseud
4b 8 Pseudomonas sp. 99 4 seL_’ .omonas
plecoglossicida
AY972176, Pseud
4c 8 Pseudomonas sp. 99 seudomonas
plecoglossicida
AY972176, Pseud
4d 8 Pseudomonas sp. 99 seudomonas
plecoglossicida
341f_GC RO2 1. Ami
5a 1 Aminobacter sp. 99 NRO 530. , Aminobacter
— 907 aminovorans
Figure .
(Fig b 1 e e 99 NR02530.1, Aminobacter
6.4) aminovorans
AB638427
1 Hyd h . ’
o2 yATosEnopRaga sp 99 Hydrogenophaga defluvii
AB638427
6b 8 Hyd h ) 99 !
YETOSEnopnaga sp Hydrogenophaga defluvii
KC767647, Ami
7a 1 Aminobacter sp. 99 C7676 7 minobacter
aminovorans
KC767647, Ami
7b 1 Aminobacter sp. 99 C767647, Aminobacter

aminovorans

They revealed two Pseudomonas sp. (1 a, b), two Flavobacterium sp. (2 a, b) and two
Hydrogenophaga sp. (3 a, b). The parallel bands a and b always revealed the same organism
showing that GGGE separation was working properly. Again, different Pseudomonas spp.
were identified. They are important for the biodegradation of various organic
micropollutants including sulfamethoxazole, chlorinated compounds and several complex
dyes [158-160]. Thus, this bacterial group might also play a crucial role in 5-TTri
biodegradation. Also the other two organisms have the ability to biodegrade complex

organic compounds as was shown in literature for 4-aminobenzenesulfonate biodegradation
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with Hydrogenophaga sp. [161] and 1,4-dioxane with a Flavobacterium sp. [162]. In this
study, it was not possible to cultivate Pseudomonas sp. and Flavobacterium sp. in pure
culture while Hydrogenophaga sp. could be isolated (data not shown). Thus, specific
biodegradation experiments with a consortium containing all three bacteria could not be
performed. As biodegradation experiments with Hydrogenophaga sp. pure cultures did not
show any biodegradation (data not shown) it seems very likely that these three species play
an important role for 5-TTri biodegradation by using concerted metabolic processes or by
formation of concerted syntrophic working environment with one species relying on the

other during 5-TTri removal.

A closer look at the DGGE bands showed distinct changes in the banding pattern over the
two generations analyzed (Figure 6.3). 8" generation setups with MSM-SS showed a shift in
the upper double band. This double band was identified as Flavobacterium sp.. After seven
days of incubation, the double band was very sharp and intense. After nine days the
uppermost double band already fainted out and was hardly visible while after 22 days of
incubation these double bands were almost completely gone and visible as faint shadow
only. The lowermost single band, representing Hydrogenophaga sp. and detected in all
setups, did not show any change in the different setups and during cultivation. Therefore,
Hydrogenophaga sp. might be crucially necessary for 5-TTri biodegradation whereas it
might be less important which other organism is present to establish a stable biodegrading
community. Hydrogenophaga sp. alone was not able to biodegrade 5-TTri as observed with
pure cultures (data not shown), explaining why its band occurred in the 5-TTri non-
biodegrading setups MSM-CN 1° generation. The first generation MSM-CN setup was
obviously not able to establish a stable community and therefore did not show any
biodegradation. If one necessary species is missing, the whole community can achieve no

biodegradation.

In addition, primer set 341f_GC-907r was applied to evaluate the reliability of the DGGE
method and to detect differences in banding patterns due to the primers’ amplifying a
different region. All bands were located at a gradient ranging from 60 to 65% (Figure 6.4).
Again, no more than three clear bands were observed in all setups indicating a rather low
biodiversity in the ASC. A very sharp double band was observed for biodegrading 8"
generation setups in MSM-CN while non-degrading 1* generation setups completely lacked
these bands. These double bands (4 a to d, Figure 6.4) were identified as Pseudomonas sp., a

behavior known from literature [163].

Therefore, as Pseudomonas sp. was only found in biodegrading setups (Figure 6.2, Figure

6.4), they might be participating in 5-TTri biodegradation. Also 1% and 8" generation setups
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in MSM-SS showed clear differences. First generation MSM-SS showed a sharp band at the
same position as non-degrading 1* generation in MSM-CN labeled 5 a and b (Figure 6.4)
that was not detected in the 8" generation MSM-SS.

20 %

MSM-

Ladder CN

80 % 8.Gen

after 7 days of incubation after 9 days of incubation after 22 days of incubation

Figure 6.4 — DGGE band profiles of the ASC, amplified with primer set 341f_GC-907r, from
generation one and eight after seven, nine and 22 days of incubation and two different media (Table
6.1).

PCR products were and analyzed on a gradient ranging from 20 to 80%. A 1kb DNA ladder was used
as marker. Marked bands were excised and sequenced (Table 6.2).

In contrast, 8" generation MSM-SS showed a faint but sharp band at the same position as the
lower double band observed for 8" generation in MSM-CN labeled 4 ¢ and d. While bands
4 c and d were identified as Pseudomonas sp., bands 5 a and b (Figure 6.4) were identified
as Aminobacter sp., a species that was not found with the first primer set 27f-517r but is also
known from literature for its ability to degrade 2,6-dichlorobenzamide [164]. All setups
showed a more or less sharp band at around 65% (6 a and b, Figure 6.4) indicating that this
organism is omnipresent in all setups and might be necessary for 5-TTri biodegradation.
Sequence analysis revealed a Hydrogenophaga sp. as already found with the first primer set
verifying that species’ importance for 5-TTri biodegradation. The lowermost two bands (7 a

and b in contrast to 5 a and b) were also identified as Aminobacter sp. (Table 2). This could
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mean that two different Aminobacter spp. were present or the DNA sequence damaged as

the lower band is far more faint [165].

These results already indicate the dominant species that maybe contribute to 5-TTri
biodegradation. However, a known problem in DGGE is that it detects also dead or inactive
cells that might still be present in the setup, as they still contain DNA. This can result in false
positive signals, i.e. these cells still produce a band, as described in literature [166].
Furthermore, DGGE mainly detects the dominant organisms present in the setups, as rare
species are mostly outcompeted during PCR [167, 168]. In addition, PCR-based studies are
inherently biased as not all rRNA genes can be amplified with the same “universal” primers
[169]. However, these rare species could contribute to 5-TTri biodegradation but cannot be
detected with DGGE as they produce no or no clear signal. Therefore, techniques with a
higher sensitivity like next-generation-sequencing analyses are a vital approach to detect

also scarce organisms.

6.3.3  Metagenomic Analysis of 5-TTri Biodegrading ASC

This approach revealed the total DNA abundance of the 5-TTri biodegradation setups to
evaluate the amount of possible species and their dominance structure in the ASC. The de
novo sequence alignment was performed against the complete NCBI database. The 10 most
abundant genera, regarding their DNA and RNA abundance, are displayed in Figure 6.5
separated in first and 8" generation setups and the two used media MSM-SS and MSM-CN at

day nine. ‘All the rest’ are groups that occurred less abundant.

The most dominant species in 1* generation MSM-CN setups were Hydrogenophaga spp.
(3.3%), Mesorhizobium spp. (44.9%) and Acidovorax spp. (0.8%). In MSM-SS 1° generation
they also represented the most dominant species but with a lower abundance of
Mesorhizobium spp. (11.0%) and a higher abundance of Hydrogenophaga spp. (8.0%) and
Acidovorax spp. (1.7%). As 1% generation in MSM-CN showed no biodegradation, it might
be that Mesorhizobium spp. is not participating in 5-TTri biodegradation but only using the
supplied nutrients for growth. This becomes clear when comparing the 1% generation MSM-
CN/MSM-SS setups to the 8" generation. In both media, Mesorhizobium spp. is not present
any longer while Hydrogenophaga spp., Pseudomonas spp. and Acidovorax spp. are by far
the most abundant species in the eighth generation MSM-CN/MSM-SS setups. This finding
perfectly fits the DGGE results and indicates again that Pseudomonas spp. might be crucial
for 5-TTri biodegradation but also shows that Pseudomonas spp. is efficiently utilizing the
specific nutrients acetate and ammonium nitrate as indicated by a higher abundance in

MSM-CN (29.1%) than MSM-SS (7.5%).

108



Chapter 6 — Metagenomic Analysis of 5-TTri Biodegrading ASC

In MSM-SS, the distribution of the species is more homogeneous as the complex nutrients in
MSM-SS obviously support the growth and activity of various bacteria. This explains why 5-
TTri biodegradation in MSM-SS occurred faster compared to MSM-CN. It might be that 5-
TTri is biodegraded by several species working syntrophically together. Probably many

different species are able to utilize 5-TTri when the right organisms accompany them.
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Figure 6.5 — DNA and RNA analyses of the de novo assembly of the sequences mapped against the
complete NCBI database.

First and 8" generation setups in MSM-SS and MSM-CN were analyzed only on day nine of the
biodegradation experiment. Shown are the 10 most abundant genera of generation one. ‘All the rest’
are groups that occurred less abundant

In addition, a principal component analysis of the ASC in the different setups showed an
even clearer distribution (Figure 6.6 — Principal component analysis of the DNA (©) and
RNA (®) extracted from the 5-TTri biodegrading setups at day nine.). The non-

biodegradation group (Figure 6.6, left side) consisted mainly of Mesorhizobium spp. while
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the dominant organism in the MSM-CN biodegradation group was identified as
Pseudomonas spp. (Figure 6.6, right side). This again indicates the importance of
Pseudomonas spp. for 5-TTri biodegradation as it appears that Pseudomonas spp. have
switched places with Mesorhizobium spp. from generation one to eight. Mesorhizobium
spp., the most abundant species from non-biodegrading 1* generation MSM-CN were hardly
found any more in the biodegrading 8" generation MSM-CN while Pseudomonas spp.
behaved the opposite: Hardly present in MSM-CN 1° generation, Pseudomonas spp. showed
a high abundance in MSM-CN 8" generation. Mesorhizobium spp., a common organism in
activated sludge [170], might be present in a high abundance as 1% generation ASC was
derived right from the WWTPs’ activated sludge, but might not play a role for 5-TTri
biodegradation. Fastest biodegradation occurred in the MSM-SS-supplied group that is
clearly separated from the other two groups (Figure 6.6, bottom). The most dominant
organisms therein were Hydrogenophaga spp. and Acidovorax spp.. MSM-SS setups did not
show such a shift in abundance over the two generations. This shows that MSM-SS 1°
generation setups already established a fully functional 5-TTri biodegrading community
without the explicit need for further improvements. MSM-SS might contain nutrients that
could induce a higher metabolic activity in the ASC rather than fostering growth of specific

organisms as observed in MSM-CN.

Mesorhizobium

/-°A1d9

no
biodegradation
in MSM-CN
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in MSM-CN

biodegradation | -1
in MSM-SS

Figure 6.6 — Principal component analysis of the DNA (©) and RNA (®) extracted from the 5-TTri
biodegrading setups at day nine.
A= MSM-CN; CS= MSM-SS; XdX= generation, day X (A1d9= MSM-CN, first generation, sample from
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day nine)

These results, compared to the organisms detected with DGGE, show that the total diversity
of the ASCs was still high but many organisms were present in a low abundance only.
Maybe, effective 5-TTri biodegradation is depending on the establishment of a biodegrading
community. To conclude, the most likely organisms contributing to biodegradation
according their DNA abundance are Acidovorax spp., Hydrogenophaga spp. and
Pseudomonas spp.. However, to correlate their DNA abundance with their RNA abundance,

i.e. their activity, metatranscriptomic analyses have to follow.

6.3.4  Metatranscriptomic Analysis of 5-TTri Biodegrading ASC

Metagenomic data reveals the organisms’ DNA abundance and therefore the total ASCs’
diversity while metatranscriptomic analysis reveals the organisms’ RNA abundance and
allows a correlation with their specific activity. The most abundant organisms are not
necessarily the most active ones as also dead or inactive cells are detected with
metagenomic analyses. Such cells, even if they show a high DNA abundance, observe a low
RNA abundance, i.e. a low activity, as seen in the ‘all the rest’ group (Figure 6.5). This group
represents more than 50% of the DNA abundance and contains >1,000 different species but

shows always a significant lower RNA abundance and thus activity.

Mesorhizobium spp. were the most abundant organisms in 1 generation MSM-CN and their
activity, observed with RNA analysis (Figure 6.5), was even higher. No biodegradation was
found in that setup indicating that their activity might be due to general metabolic processes
not related to 5-TTri biodegradation. In contrast, Hydrogenophaga spp. showed a lower
specific RNA activity compared to its DNA abundance indicating only general metabolism
on the nutrients but no 5-TTri biodegradation activity. Compared to first generation MSM-SS
setup, which already showed 5-TTri biodegradation potential, Hydrogenophaga spp.
showed a 10-fold higher activity while the activity of Mesorhizobium spp. decreased by 86-
fold.

Eighth generation setups showed a similar pattern regarding Hydrogenophaga spp. with a
decreased activity in MSM-CN and a significantly increased activity in MSM-SS. Another
dominant genus, only occurring in eighth generation setups in both media, was
Pseudomonas spp.. This organism showed a very high activity in MSM-CN (44.8%) and a
reduced in MSM-SS (13.1%). It might be that Pseudomonas spp. do not biodegrade 5-TTri
alone and the formation of a biodegrading ASC is required. As Pseudomonas spp. exhibited

intensive growth and presumably consumed most of the nutrients supplied in MSM-CN, the
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formation of a biodegrading community might be aggravated explaining the delay in
biodegradation in eighth generation MSM-CN setup (Figure 6.1). The third dominant genus
in eighth generation setups, i.e. Acidovorax spp., also observed a higher activity in MSM-SS
compared to MSM-CN indicating that complex nutrient MSM-SS fosters metabolic activity.
This might allow the organisms easily establishing a functioning biodegrading ASC as

complex MSM-SS nutrients enhance growth and metabolism of a larger variety of organisms.

In general, when comparing DGGE and next-generation sequencing results, it was observed
that DGGE was limited in its resolution and identification of organisms. DGGE analyses
revealed around four organisms and no RNA analyses were possible. Therefore, DGGE
results did not reveal organisms’ dominance structures or activities. In contrast, next-
generation sequencing (NGS) provided a fast and sensitive technique to screen and detect
the most abundant and most active species in ASCs. Analyses showed a high diversity and
allowed a closer look at species level. However, DGGE and NGS showed comparable
results as the dominant organisms were detected with both, DGGE and NGS. Thus, DGGE is
still a powerful tool to access the dominant species of ASCs but NGS might be the method of
choice when information about RNA activity is needed. Nevertheless, none of the
techniques revealed the ASC composition necessary for 5-TTri biodegradation. To
specifically identify the biodegrading organism, pure cultures are inevitable as shown for
sulfamethoxazole biodegradation in the following chapter. However, even intensive efforts
to gain pure cultures did not reveal the biodegrading organism indication that a

biodegrading community might be more likely for 5-TTri biodegradation.

6.4 CONCLUSIONS

Two activated sludge community generations (one and eight), capable of biodegrading 5-
tolyltriazole (5-TTri), were characterized by two different methods: denaturing gradient gel
electrophoresis (DGGE) and next-generation-sequencing (NGS). DGGE showed a low
diversity in the ASC as only the most dominant organisms were detected. Application of two
different primer sets revealed different banding patterns but a subsequent sequence analysis
of the dominant bands revealed the same organisms except two genera, i.e. Aminobacter
spp. and Flavobacterium spp.. Hydrogenophaga spp. and Pseudomonas spp. occurred in all
setups indication their importance for 5-TTri biodegradation. In addition, metagenomic and
metatranscriptomic analyses were performed. They revealed a high biodiversity and further
strengthened Pseudomonas spp. to be crucial for 5-TTri biodegradation. Comparing species
DNA abundance with their RNA activity revealed Hydrogenophaga spp., Acidovorax spp.

and Pseudomonas spp. to be important for 5-TTri removal. These results indicate that 5-TTri
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might not be biodegraded by just one species but rather by a stable ASC consisting of several

species performing a concerted syntrophic metabolic process.
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Chapter
/

Characterization of Pure Cultures Isolated from
Sulfamethoxazole-Acclimated Activated Sludge with Respect
to Taxonomic Identification and Sulfamethoxazole

Biodegradation Potential

Sulfamethoxazole (SMX, sulfonamide antibiotic) biodegradation by activated sludge (AS)
communities is still only partly understood. The present work is focusing on nine different
bacteria species capable of SMX biodegradation that were isolated from SMX-acclimated AS
communities. Initially 110 pure cultures, isolated from activated sludge, were screened by
UV-absorbance measurements (UV-AM) for their SMX biodegradation potential.
Identification via almost complete 16S rRNA gene sequencing revealed five Pseudomonas
spp., one Brevundimonas sp., one Variovorax sp. and two Microbacterium spp.. Thus, seven
species belonged to the phylum Proteobacteria and two to Actinobacteria. These cultures
were subsequently incubated in media containing 10 mg L' SMX and different
concentrations of carbon (sodium-acetate) and nitrogen (ammonium-nitrate). Different
biodegradation patterns were revealed with respect to media composition and bacterial
species. Biodegradation, validated by LC-UV measurements to verify UV-AM, occurred very
fast with 2.5 mg L'" d’' SMX being biodegraded in all pure cultures in, for UV-AM modified,
R2A-UV medium under aerobic conditions and room temperature. However, reduced and
different biodegradation rates were observed for setups with SMX provided as co-substrate
together with carbon/nitrogen at a ratio of DOC:N — 33:1 with rates ranging from 1.25 to
2.5 mg L' d’. Media containing only SMX as carbon and nitrogen source proved the
organisms” ability to use SMX as sole nutrient source where biodegradation rates decreased
to 1.0 — 1.7 mg L' d’. The different taxonomically identified species showed specific
biodegradation rates and behaviors at various nutrient conditions. Readily degradable
energy sources seem crucial for efficient SMX biodegradation for all species.
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7.1 INTRODUCTION

Widespread usage, disposal around the world and a consumption up to 200,000 t per year,
makes the various groups of antibiotics an important issue for micropollutant risk assessment
[171, 172] and has become of major concern for environmental protection strategies.
Antibiotics are designed to inhibit microorganisms and influence microbial communities in
different ecosystems [173, 174]. Monitoring programs already showed that antibiotics can
be found almost everywhere in the environment in concentrations up to pg L [19, 175-
178]. Furthermore, antibiotic resistance genes might be transferred to human-pathogenic
organisms by horizontal gene-transfer and become a serious issue, especially multidrug
resistance in bacteria [16, 179, 180]. Sulfamethoxazole (SMX) is one of the most often
applied antibiotics [181]. The frequent use of SMX results in wastewater concentrations up
to pg L' and surface water concentrations in the ng L' scale [182-185]. Even in
groundwater SMX was found at concentrations up to 410 ng L' [184]. These SMX
concentrations might be too low for inhibitory effects as the MICy, for M. tuberculosis was
found to be 9.5 mg L [186], but they might be high enough to function as signalling
molecule to trigger other processes like quorum sensing in environmental microbial
communities [187]. Different studies showed [188-191] SMX to induce microbial resistances
and reduces microbial activity/diversity arising the need for a better understanding of SMX
biodegradation. SMX inflow concentrations in WWTPs in ug L combined with often partly
elimination ranging from 0% to 90% [174, 176, 183, 192] result in high effluent discharge
into the environment. To extent knowledge about removal regarding biodegrading
microorganisms is implicitly required to optimize environmental nutrient conditions for SMX
removal and degradation rates. It is known that SMX can be removed by photodegradation
[193, 194] and sorption processes in activated sludge systems [195]. However,
biodegradation is, especially in WWTPs, probably the major removal process. Literature
data focusing on SMX biodegradation in lab scale experiments with activated sludge
communities (ASCs) and pure cultures showed a high fluctuation from almost complete SMX
elimination [50, 134, 178] to hardly any removal of SMX [196]. The determined SMX
biodegradation potential was clearly affected by nutrient supply whereas this study’s
emphasis is on clarifying the effect of addition of readily degradable carbon and/or nitrogen
sources significantly enhanced SMX elimination [197] while in others supplementation
showed no effect. For this purpose pure cultures were isolated from SMX-acclimated ASCs
and identified in respect to taxonomy and biodegradation capacity. Aerobic SMX

biodegradation experiments with different species were carried out at various nutrient
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conditions to screen biodegradation potential and behaviour as a base for future research on

biodegradation pathways.
7.2 MATERIALS AND METHODS

7.2.1 Chemicals and Glassware

Sulfamethoxazole (SMX, 99.8 % purity) was purchased from Sigma Aldrich (Steinheim,
Germany), all other organic media components were from Merck KGaA (Darmstadt,
Germany) while the inorganic media components were purchased from VWR (Darmstadt,
Germany). High-purity water was prepared by a Milli-Q system (Millipore, Billerica, MA,
USA). All glassware used was procured from Schott AG (Mainz, Germany) and pre-cleaned
by an alkaline detergent (neodisher®, VWR Darmstadt, Germany) followed by autoclaving
for 20 min at 121°C.

7.2.2  Activated Sludge Sampling

Activated sludge was taken as grab sample from stage 1 of a 2-stage municipal conventional
activated sludge plant (CAS-M), located near the city of Munich, Germany and treating 1
million population equivalents. Stage 1 is the high load stage with a food to microorganism
ratio of 0.64 kg BOD; kg' MLSS". The influent consists of municipal and industrial
wastewater (1:1). 500 mL AS were collected in pre-cleaned 1L glass bottles, stored at 4°C

and used within 24h for inoculation of the different setups.
7.2.3  Experimental Setup

7.2.3.1 SMX-acclimated ASCs

Evaluation of AS biodegradation potential obtained from the WWTP, was performed in 150
mL R2A-UV media (casein peptone 1,000 mg L™, glucose 500 mg L™, potassium phosphate
300 mg L™, soluble starch 300 mg L', DOC:N ratio 7:1, pH 7.4), spiked with 10 mg L™ SMX
to apply a high selective pressure. Non-SMX-resistant organisms were ruled out and the
chance to obtain SMX biodegrading organisms was increased in subsequent isolation steps.
After biodegradation occurred the experiment was stopped and the remaining biomass was
used to inoculate a second setup under the same conditions to further decrease microbial
diversity and favor SMX-resistant/biodegrading organisms. After the second setup showed
biodegradation, the experiment was stopped and the biomass used for cultivation of SMX
biodegrading organisms on solid R2A-UV media (1.5% agar supply). SMX removal was
determined by UV-absorbance measurements (UV-AM) as fast pre-screening method for

biodegradation (see 2.4.1).

117



Chapter 7 — Sulfamethoxazole Biodegradation by Pure Cultures

7.2.3.2 Cultivation and Isolation of Pure Cultures

Pure cultures were successfully cultivated and isolated from SMX-acclimated biodegrading
ASCs. 200 pL AS was plated on solid R2ZA-UV media containing 10 mg L' SMX to inhibit
growth of non-resistant bacteria and foster growth of potential SMX-resistant/biodegrading
organisms. After cultures were observed on solid media they were isolated and further
purified by streaking on new plates resulting in 110 isolates. These were used for inoculation
of 100 mL setups with 20 mL MSM-CN media (KH,PO, 80 mg L, K,HPO, 200 mg L,
Na,HPO, 300 mg L', MgSO,*7 H,O 20 mg L', CaCl,*2 H,0 40 mg L, FeCl;*6 H,0 0.3
mg L', sodium acetate 300 mg L' and NH,NO; 7.5 mg L', DOC:N ratio 33:1, pH 7.4)
spiked with 10 mg L' SMX. Setups were monitored with UV-AM (see 2.4.1) for possible
biodegradation. Isolates showing biodegradation were further identified by 16S rRNA gene

sequence analysis (see 2.5).

7.2.3.3 Biodegradation Setups with Pure Cultures

Batch experiments were performed to A) screen for biodegradation potential in the isolated
cultures and B) determine differences in SMX biodegradation pattern and rate concerning
the availability of nutrients. Three media, R2A-UV, MSM-CN and MSM (as MSM-CN but
without sodium acetate and NH4NOs) were used and inoculated with pure cultures in 100
mL setups filled with 20 mL of media spiked with 10 mg L' SMX. Duplicate setups (n=2)
including sterile, i.e. autoclaved biomass and abiotic, i.e. without biomass, controls for each
medium were prepared. Aerobic conditions and photolysis prevention were ensured by

shaking at 150 rpm on an orbital shaker in the dark.

The setups were sampled once a day for MSM-CN and MSM media and twice a day for
R2A-UV, by taking 1T mL supernatant after half an hour of sedimentation that was sufficient
to ensure not to withdraw much biomass. 200 ul was used for UV-AM and 800 nlL for LC-

UV measurements.
7.2.4  Analyses of Sulfamethoxazole

7.2.4.1 UV-AM

200 pL were taken from the setups and directly used for UV-AM at a wavelength of 257 nm
as described elsewhere (chapter 2) with the following changes applied. Calibration was
performed with 1.0, 5.0, 10.0 and 15.0 mg L SMX in high-purity water and the used media
to evaluate measurement reliability and background absorbance. 96 well UV-star plates
from Greiner Bio-One (Greiner Bio-One GmbH, Frickenhausen, Germany) filled with 200

pL were used for measurements and analyzed with an automated plate reader (EnSpire®
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Multimode Plate Reader, Perkin Elmer, Rodgau, Germany). Each measurement included an
SMX blank (media with SMX but without organisms) was measured to detect changes over

time as well as a blank (media without SMX) to detect background absorbance.

7.2.4.2 LC-UV Analysis

800 pL samples obtained from the setups were centrifuged (10 min, 8,000 g, 20°C), filtrated
through a 0.45 pm membrane filter to remove cellular debris and biomass and filled into

sterile glass flasks. Flasks were stored in the dark at -20°C before analysis.

A Dionex 3000 series HPLC system (Dionex, Idstein, Germany), equipped with an
autosampler, was used to perform a DAD scanning from 200 to 600 nm to detect and
quantify SMX. Chromatographic separation was performed on a Nucleosil 120 - 3 C18
column (250 mm x 3.0 mm i.d., 3 um particle size) from Macherey Nagel (Diiren,
Germany). Column temperature was 25 °C. The mobile phases were acetonitrile (AN) and
water (pH 2.5 using phosphoric acid). The gradient used was 0-5 min, 7% AN; 5-18 min, 7-
30% AN; 18-30 min, 30% AN; 30-35 min, 7% AN. The solvent flow rate was 0.6 mL min".
The column was allowed to equilibrate for 5 min between injections. Limit of quantification

and limit of detection were 0.1 mg L™ and 0.03 mg L™, respectively.

7.2.5  Taxonomic and Phylogenetic Identification of Isolated Pure Cultures by 16S rRNA

Gene Sequence Analysis

DNA of SMX biodegrading organisms was extracted by a standard phenol/chloroform/CTAB
extraction method. 16S rRNA gene was subsequently amplified via standard PCR using
universal bacterial primers 27f (5-AGA GTT TGA TCM TGG CTC AG-3) and 1492r (5-TAC
GGY TAC CTT GTT ACG ACT T-3) [198]. All cultures were sent to MWG Operon
(Ebersberg, Germany) for sequencing using again primers 27f and 1492r, resulting in nearly
full length 16S rRNA gene sequences. Sequences were analyzed with and submitted to
European Nucleotide Archive (http://www.ebi.ac.uk/ena/) to receive accession numbers
(Table 7.2). Subsequent phylogenetic analysis was accomplished with the sequences using
the alignment and tree calculation methods of the ARB software package [199]. The nearly
complete 16S rRNA gene sequences of the species isolated in this study and their
corresponding published closest relatives (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were added
to an existing ARB-alignment for the 16S rRNA gene sequence. Alignment was performed
with the CLUSTAL W implemented in ARB. Phylogenetic trees of the 16S rRNA gene

sequences were calculated based on maximum likelihood.
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7.3 RESULTS
7.3.1  SMX Biodegradation

7.3.1.1 Cultivation and Evaluation of Pure Cultures Biodegradation Potential

Isolation of pure cultures was accomplished from SMX-acclimated ASC as described in
chapter 2.2.3.1. Growth of cultures on solid R2A-UV media, spiked with 10 mg L™ SMX,
was controlled every 24 hours. All morphologically different colonies were streaked onto
fresh R2A-UV agar plates, finally resulting in 110 pure cultures. For identification of
potential SMX biodegrading cultures, all 110 isolates were inoculated into 20 mL MSM-CN
media. SMX biodegradation, shown in Figure 7.1 for 30 isolates as an example, was
controlled every two days. After two days a decrease in absorbance was already detected in
five cultures followed by seven more at day 4 and 6 while the remaining cultures showed no
change. The experiment was finally stopped after 21 days (just 10 days are shown in Figure
7.1), revealing no further SMX biodegrading culture. A 50 % cutoff line (Figure 7.1) defined
a decrease in UV-absorbance being significant enough to be sure that the corresponding
organisms showed biodegradation. 12 organisms showed a decrease in absorbance greater
than 50 % of initial value and were defined as potential SMX biodegrading organisms. They
were further taxonomically identified and used for subsequent biodegradation experiments.

Table 7.1 — Initial (10 mg L") and end concentrations of SMX accomplished with 12 biodegrading

pure cultures gained out of 110 cultures. Taxonomic identification succeeded with BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). *duplicate organisms. All but SMX344 were discarded.

SMX conc. after SMX conc. after
pure culture oy pure culture D [ 1)
Brevundimonas sp. SMXB12 0.00 Pseudomonas sp. SMX 333* 1.09
Microbacterium sp. SMXB24 0.00 Pseudomonas sp. SMX 336* 4.35
Microbacterium sp. SMX348 0.00 Pseudomonas sp. SMX 342* 1.09
Pseudomonas sp. SMX321 0.68 Pseudomonas sp. SMX344* 0.23
Pseudomonas sp. SMX330 0.68 Pseudomonas sp. SMX345 1.58
Pseudomonas sp. SMX331 2.68 Variovorax sp. SMX332 3.53

Additionally, biodegradation of these 12 identified isolates was validated by LC-UV
(Table 7.1). For cost efficiency only initial and end concentrations of SMX in the media were

determined as absorbance values did not change any more (Figure 7.1).
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absorbance [257 nm]

incubation time [d]

Figure 7.1 — Absorbance patterns of isolated pure cultures in MSM-CN.

Shown are 30 out of 110 isolated pure cultures including the 12 cultures showing SMX
biodegradation potential. Initial SMX concentration was 10 mg L. The 50 % cutoff line indicates a
possible 50 % SMX biodegradation. Each dotted line represents one isolate. All cultures showing
more than 50 % decrease in absorbance were further identified.

A decrease in SMX concentration from initially 10 mg L™ to below 5 mg L' was detected for
all 12 isolates (Table 7.1) after 10 days of incubation. It was demonstrated that only 3
cultures eliminated all 10 mg L' SMX completely while the residual SMX concentrations for

the remaining cultures ranged from 0.23 to 4.35 mg L' after 10 days of incubation.

7.3.2  Taxonomic and Phylogenetic Identification of Pure Cultures

All 12 cultures were identified by 16S rRNA gene sequence analysis to evaluate their
phylogenetic position and closest relative. Four cultures, SMX 332, 333, 336 and 344,
turned out to be the same organism closely related to Pseudomonas sp. He (AY663434) with
a sequence similarity of 99%. Only SMX 344 was kept for further experiments as it showed
fastest biodegradation in pre-tests (Figure 7.1 and Table 7.1). Hence, a total of 9 different
bacterial species with SMX biodegradation capacity were obtained. Their accession
numbers, genus names and their closest relatives as found in the NCBI database
(http://blast.ncbi.nIm.nih.gov/Blast.cgi), are shown as a maximum likelihood-based
phylogenetic tree (Figure 7.2) evaluated with 16S rRNA gene sequence comparisons to
calculate the most exact branching [200]. Seven of the nine isolates are affiliated within the
phylum Proteobacteria represented by the classes Alpha-, Beta- and Gammaproteobacteria,

while two belonged to the Phylum Actinobacteria.
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A AY663434 Pseudomonas sp. He
HF571535 Pseudomonas sp. SMX344
HF571536 Pseudomonas sp. SMX345
HQ874650 Pseudomonas fluorescens
HE985241 Pseudomonas sp. SMX330
HF571533 Pseudomonas sp. SMX331

HM103328 Pseudomonas anguilliseptica
/ AF511436 Pseudomonas alcaligenes

EJX897958 Pseudomonas putida
HF572913 Pseudomonas sp. SMX321 |
HF571534 Variovorax sp. SMX332 ]
EU169152 Variovorax paradoxus
NR041588 Variovorax boronicumulans
NR025203 Ramlibacter henchirensis
JX005880 Brevundimonas sp.
JX094172 Brevundimonas basaltis
NR044186 Brevundimonas lenta
1F HF571531 Brevundimonas sp. SMXB12

% AJ227754 Caulobacter vibrioides

D112300G
-03304d
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DIIajoDq  Dlia3obg
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B — FR691402 Microbacterium lacus ]
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HF571532 Microbacterium sp. SMXB24 2»
JX517248 Microbacterium sp. g
NR041529 Microbacterium hatanonis K
JN196543 Microbacterium sp. BR1 I
HF571537 Microbacterium sp. SMX348 %
AB733536 Microbacterium sp.
NRO043595 Agrococcus casei

Figure 7.2 A and B — Maximum likelihood-based trees reflecting the phylogeny and diversity of the
isolated nine species capable of SMX biodegradation.

Trees are based on nearly complete 16S rRNA gene sequence comparisons. Phylogenetic tree
calculated for A) Pseudomonas spp., Variovorax spp. and Brevundimonas spp. and B) for
Microbacterium spp.. The tree shows the sequences obtained in this study (bold text) and their next
published relatives according to the NCBI database (plain text). Numbers preceding taxonomic
names represent EMBL sequence accession numbers. Scale bar indicates 0.01 % estimated sequence
divergence.

The phylogenetic positions of seven isolated pure cultures affiliated within the phylum
Proteobacteria were located in the same tree (Figure 7.2 A). Five different Pseudomonas spp.
were identified and form two seperate clades representing a highly diverse group.
Pseudomonas sp. SMX344 and 345 is building an individual cluster but belonged to the
same group as SMX330 and 331. All four are closely related to P. fluorescens but SMX331
showed a remarkable difference. In contrast to the described Pseudomonas spp. above,
Pseudomonas sp. SMX321 clusters together with P. putida and P. alcaligenes but forms an
individual branch. The other two Proteobacteria identified pure cultures belonged to the
genera Variovorax (SMX332) and Brevundimonas (SMXB12). The isolated Variovorax
SMX332 fell into the Variovorax paradoxus/boronicumulans group with a sequence
similarity >99% to V. paradoxus (EU169152).The Brevundimonas sp. SMXB12 was clearly
separated from its closest relatives Brevundimonas basaltis and B. lenta and formed its own

branch.
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Both Actinobacteria affiliated pure cultures were identified as Microbacterium spp. and were
embedded in a new phylogenetic tree as their phylogenetic position was too far from the
other isolates (Figure 7.2 B). The two isolated species were affiliated to two different clades
clearly separated from M. lacus and M. aurum. Microbacterium sp. SMXB24 fell into the
same group as Microbacterium sp. 7 1K and M. hatatonis but the branch length clearly
showed separation. Microbacterium sp. SMX348 was closely related with a sequence
similarity of >99% to Microbacterium sp. BRT which was found to biodegrade SMX in an

acclimated membrane bioreactor [104].

7.3.3  SMX Biodegradation Studies with Pure Cultures

Setups with sterile biomass (autoclaved) and without biomass (abiotic control) proved SMX
to be stable under the operating conditions. Therefore, sorption onto biomass or other
materials was shown to be negligible and SMX removal must be due to biodegradation.

Photodegradation was excluded by performing all experiments in the dark.

Table 7.2 — Biodegradation rates of the cultures able to biodegrade SMX. Isolation was performed
from an SMX-acclimated ASC, followed by identification with 16S rRNA sequencing. ENA accession
numbers and species names are provided. * calculated from duplicate experiments (n=2). Standard
deviations between duplicate setups were below 1% and are not shown.

biodegradation rates* [mg L' d7]

accession/isolate phylum

R2A-UV MSM-CN MSM
HF571531, Brevundimonas sp. SMXB12  Proteobacteria 2.5 1.7 1.0
HF571532, Microbacterium sp. SMXB24  Actinobacteria 2.5 1.25 1.25
HF571537, Microbacterium sp. SMX348  Actinobacteria 2.5 1.7 1.25
HF572913, Pseudomonas sp. SMX321 Proteobacteria 2.5 2.5 1.7
HE985241, Pseudomonas sp. SMX330 Proteobacteria 2.5 1.7 1.25
HF571533, Pseudomonas sp. SMX331 Proteobacteria 2.5 1.7 1.25
HF571535, Pseudomonas sp. SMX344 Proteobacteria 2.5 1.7 1.25
HF571536, Pseudomonas sp. SMX345 Proteobacteria 2.5 1.25 1.25
HF571534, Variovorax sp. SMX332 Proteobacteria 2.5 1.7 1.25

To characterize biodegradation ability and rate and evaluate an optimal nutrient
environment for SMX utilization of the isolated and identified 9 pure cultures, subsequent
experiments were performed. In the presence of readily degradable nutrients (Figure 7.3,
Figure 7.4) SMX was faster biodegraded compared to setups with SMX as sole

carbon/nitrogen source (Figure 7.5). 54 setups (three media for each of the 9 cultures in
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duplicate setups) with different nutrient compositions were set up and SMX biodegradation

rates were evaluated using UV-AM values (Table 7.2).
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Figure 7.3 A and B — A) Aerobic SMX biodegradation patterns of pure cultures in R2A-UV media
measured with UV-AM. Initial SMX concentration of 10 mg L. B) LC-UV analyses of SMX
concentrations within the nine pure cultures in R2A-UV media performed at experimental startup,
after 4 and 10 days to verify the results of UV-AM. Asterisks indicate measured values below limit of

detection. Shown are mean SMX absorbance values of duplicate experiments. Standard deviations
were too low to be shown (<1%).

Different SMX biodegradation patterns were observed indicating that the presence or
absence of readily degradable and complex nutrients significantly influenced
biodegradation. R2A-UV media were sampled once a day as it was assumed that
biodegradation might be faster compared to the other two nutrient-poor media.

Biodegradation rates of 2.5 mg L d” were found for all nine species not showing any
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different biodegradation behaviors or patterns (Figure 7.3 A). Biomass growth affected

background absorbance that was increased with cell density but UV-AM could still be

applied to monitor biodegradation as the background was still low enough.
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Figure 7.4 A, B, Cand D — A, B) Aerobic SMX biodegradation patterns of pure cultures in MSM-CN

media measured with UV-AM. Initial SMX concentration of 10 mg L. C, D) LC-UV analyses of SMX
concentrations in the used pure cultures in MSM-CN. Determination was performed at experimental
startup, after 4 and 10 days to verify UV-AM values. Asterisks indicate measured values below limit
of detection. Shown are mean values of SMX absorbance in duplicate experiments. Standard
deviations were too low to be shown (<1%).

In MSM-CN (Figure 7.4), offering only specific C- and N-sources (acetate and ammonium

nitrate), the biodegradation rates ranged from 1.25 to 2.5 mg L' d” (standard deviations

between the duplicate setups were below 1%) showing clear differences for the different

species, even for the five Pseudomonas spp.. While Pseudomonas sp. SMX321 biodegraded

SMX with 2.5 mg L' d”, Pseudomonas sp. SMX344 just showed a rate of 1.25 mg L™ d.

125



Chapter 7 — Sulfamethoxazole Biodegradation by Pure Cultures

The same effect was found for the two Microbacterium spp.. While Microbacterium sp.
SMXB12 removed SMX with 1.7 mg L™ d”', Microbacterium sp. SMX348 showed a removal
of 1.25 mg L' d” only.

MSM UV-AM @ SMX 321 0. SMX 330
1.0 - ..O- SMX 345 -y SMX 331
.4 SMX 348 v SMX 332
_ & SMX B12 ~.m SMX 344
s 959 8. e 1 o A SMX B24
c g
B Sl 8
o 06+
(]
[&]
&
g o4
(o]
w
O
® 024
0.0 -
B
124 MSMLC . SMX 321 - ] SMX 330
7 SMX 345 [ SMX 331
. B SMX 348 | N SMX 332
7 EEE SMX B12 I B SMX 344
o [ SMX B24
E 8 1
C i
S
5 e ]
IS
3
5 1
(&]
2 - |
0 * % % % C * % % k& % D
0 2 4 6 8 10 12 0 2 4 6 8 10 12

incubation time [d]

Figure 7.5 A, B, C and D — A, B) Aerobic SMX biodegradation patterns of pure cultures in MSM
media

measured with UV-AM. Initial SMX concentration of 10 mg L. C, D) LC-UV analyses of SMX
concentrations in the pure cultures in MSM at experimental startup, after 4 and 10 days to validate
UV-AM. Asterisks indicate measured values below limit of detection. Shown are mean values of SMX
absorbance in duplicate experiments. Standard deviations were too low to be shown (<1%).

Biodegradation pattern in MSM-CN of four isolates (SMX321, 345, 348 and B12) revealed a
short lag phase of two days with no SMX removal (Figure 7.4 A) while the other five were
able to biodegrade SMX already after two days and showed a constant SMX removal during
cultivation (Figure 7.4 B). In MSM (Figure 7.5), with SMX as sole C- and N-source, the

removal rate of SMX was even lower. Biodegradation rates of 1.0 mg L' d”" were found for
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Brevundimonas sp. SMXB12 while Pseudomonas sp. SMX321 showed 1.7 mg L™ d™. All
other species showed removal rates of 1.25 mg L' d”'. These experiments with SMX as sole
C/N-source demonstrated that it could serve as nutrient source but with up to 2.5-fold
reduced biodegradation rates. Biodegradation pattern in MSM was similar to that in MSM-
CN with a lag phase of two days for the four isolates SMX321, 345, 348 and B12 (Figure 7.5
A) and no lag phase for the isolates SMX 330, 331, 332, 344, and B24 starting to utilize SMX
already after two days (Figure 7.5 B).

In general, it was found that the five Pseudomonas spp. and the two Microbacterium spp.
did not show the same biodegradation behavior. At least one member of each group always

showed a lag phase while the other immediately started SMX biodegradation.

As UV-AM revealed sufficient to monitor SMX biodegradation (Figure 7.1 and Table 7.1) LC-
UV measurements were performed at the start of the experiment, after four and 10 days as

control measurements (Figure 7.3 B, Figure 7.4 C and D, Figure 7.5 C and D).

LC-UV showed that in R2A-UV all cultures removed 10 mg L' SMX in 4 days (Figure 7.3 B)
while in MSM-CN only Pseudomonas sp. SMX321 removed all SMX within 4 days (Figure
7.4 C). The remaining 8 cultures still showed residual SMX concentrations from 0.4 to 7.3

mg L™ and complete SMX elimination was achieved only at day 10 (Figure 7.4 C and D).

In MSM after 4 days, SMX was still present in all nine cultures in concentrations above 3.6
mg L and only after 10 days SMX was below the limit of detection (Figure 7.5 C and D).
LC-UV values could be compared to UV-AM values and approved this simple approach to
be applicable for screening SMX biodegradation.

7.4 DISCUSSION

This study focused on the cultivation of pure culture SMX biodegrading organisms to
perform specific biodegradation experiments. It is known that cultivation, especially on solid
media, is affected with the problem described as “viable but non cultivable” (VBNC) [201,
202]. Solid media being implicitly required for the isolation of pure cultures is for sure
limited in its cultivation efficiency mainly due to reduced water content and different or
inappropriate nutrient conditions. Only a low percentage of around 1% of the active
organisms in environmental samples [203] and around 15% from activated sludge can be
cultivated [204, 205] but in this study, 9 different isolates out of 110 pure cultures were
obtained showing SMX biodegradation. This quite high percentage of almost 10% was only
possible with a two-step SMX-acclimation experiment that was conducted to increase the

chance to cultivate SMX biodegrading organisms by applying a strong selective pressure
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using 10 mg L' SMX in the media. Furthermore, R2A medium that is known to work well for
isolation of aquatic organisms [139], was applied for the cultivation of bacteria being
assumed to be at least SMX-resistant when growth was observed on SMX-reinforced R2A.
However, a lot more organisms compared to those cultivated in this study, might be present
in activated sludge capable of SMX biodegradation. These VBNCs might be taxonomically
characterized by culture-independent methods [206, 207]. However, for our focus on
linking biodegradation patterns, rates and nutrient utilization to specific species these
methods were not feasible. Only with actively biodegrading pure cultures a clear and
precise coherence between SMX biodegradation and taxonomically identified species is
possible. As a final goal, pure cultures would allow to analyze species-specific
biodegradation products and thus determine potential SMX biodegradation pathways.
Applying that knowledge to WWTP techniques would provide a strategy to selectively
enhance biodegrading species in activated sludge systems improving and stabilizing SMX

removal efficiency.

Therefore, phylogenetic identification of potential SMX biodegrading species is implicitly
required. As shown in this study, five of the nine SMX biodegrading species found belonged
to the genus Pseudomonas confirming this group to play an important role for the
biodegradation of micropollutants. This was reported for e.g. acetaminophen or chlorinated
compounds by many other studies [52, 158, 208]. Additionally, two isolates SMXB24 and
SMX348 were identified as Microbacterium sp.. It was shown that Microbacterium sp.
SMXB24 is closely related to Microbacterium sp. 7 1K, an organism that was found to be
related with phytoremediation. The second Microbacterium sp. SMX348 is closely related to
Microbacterium sp. BR1 which was isolated from an acclimated SMX biodegrading
membrane bioreactor, supporting this species’ crucial role for the biodegradation of SMX
[104]. In addition, the general potential of different Microbacteria species for the
biodegradation of xenobiotic compounds has been highlighted in the literature [209, 210].
Also Variovorax paradoxus, closely related to the isolated Variovorax sp. SMX332, is
reported to be capable of biodegrading a large variety of pollutants including sulfolene and
other heterocyclic compounds [211]. Therefore, it seems likely that the isolated Variovorax
sp. SMX332 might also be able to biodegrade SMX. Finally, some literature data also exist
for the group Brevundimonas spp. indicating that these organisms might play a role in the

removal of antibiotics [212].

Taxonomic identification was followed by observing influences on biodegradation rate and
efficiency due to the availability of nutrients. Biodegradation rates decreased with reduced

nutrient content from the complex R2A-UV over nutrient-poor MSM-CN and MSM media
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and more time was needed to remove SMX. MSM media contained SMX as sole carbon and
nitrogen source at a concentration of 10 mg L and thus provided just around 4.8 mg L
carbon and 1.7 mg L™ nitrogen. These conditions, with SMX being the only nutrient in MSM,
showed an effect on biodegradation and reduced removal efficiency but demonstrated the
organisms’ ability to utilize SMX as sole nutrient and/or energy source. However, this
indicates that complex nutrients and higher nutrient concentrations seem to have a positive
effect on biodegradation due to co-metabolic [105] or diauxic effects [213] as the very high
SMX removal rates of 2.5 mg L d” confirmed that they were significantly higher than the
one of 0.0079 mg L d' found in a previous study [51].

In general, SMX biodegradation might be based more on a diauxic process, i.e. readily
degradable nutrients are used up first followed by SMX utilization, rather than real co-
metabolism, i.e. two substrates are used up in parallel when provided together, as
experiments with R2A-UV media showed. A strong increase in UV-AM, attributed to
biomass growth due to a fast nutrient consumption provided by the complex R2A-UV
media, was followed by a rapid SMX elimination. This increase was not observed in MSM-
CN or MSM as the nutrients concentrations were too low to foster excessive biomass growth.
Even at low cell densities SMX was rapidly removed indicating that biomass concentration is
not as important as cellular activity. Therefore, the higher removal rates in presence of
sufficient nutrients also showed that SMX biodegradation was a rapid and complex

metabolic process.

Therefore, information about the biodegradation potential of the isolated bacterial strains
with respect to the availability of nutrients might increase the elimination efficiency in
WWTPs as the treatment process could be specifically adapted to the needs of the

biodegrading species.

For future research, the availability of isolated species will allow screening for
biodegradation intermediates and/or stable metabolites and determination of species-specific
biodegradation pathways. To date only few data on SMX metabolites such as 3-amino-5-
methyl-isoxazole found in SMX degrading ASCs [50] and hydroxy-N-(5-methyl-1,2-oxazol-
3-yl)benzene-1-sulfonamide detected in an SMX degrading consortium of fungi and
Rhodococcus rhodochrous exists [105]. Further research is also needed to screen for the
nutrient influence on metabolite formation, i.e. if the isolated pure cultures produce different

metabolites due to changing nutrient conditions.
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7.5 CONCLUSIONS

The present work focused on nine different bacteria species capable of Sulfamethoxazole
(SMX) biodegradation isolated from SMX-acclimated ASCs. Initially 110 pure cultures were
screened for their SMX biodegradation potential and nine observed biodegradation
potential. These were identified via 16S rRNA sequencing revealing five Pseudomonas spp.,
one Brevundimonas sp., one Variovorax sp. and two Microbacterium spp.. Thus, seven
species belonged to the phylum Proteobacteria and two to Actinobacteria. Incubation in
media containing 10 mg L' SMX and different concentrations of carbon and nitrogen
showed different biodegradation patterns with respect to media composition and bacterial
species. Biodegradation occurred very fast with 2.5 mg L™ d"' SMX being biodegraded in all
pure cultures in complex nutrient R2A-UV media under aerobic conditions and room
temperature. Biodegradation rates were lower for setups with SMX provided as co-substrate
together with carbon/nitrogen at a ratio of DOC: N — 33: 1 with rates ranging from 1.25 to
2.5 mg L' d". Media containing SMX as sole carbon and nitrogen source showed the
organisms’ ability to use SMX as the only nutrient source but biodegradation rates decreased
to 1.0 — 1.7 mg L' d". The different species showed specific biodegradation rates and
behaviours at various nutrient conditions. Readily degradable energy sources seemed crucial

for efficient SMX biodegradation for all species.
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8.1 CONCLUSIONS

8.1.1  Efficient Screening for Biodegradation in Laboratory Setups

Generally, biodegradation experiments require a high number of different setups to evaluate
various parameters and study biodegradation under different conditions, e.g. nutrients,
biomass concentration. Therefore, an easy-to-perform and cost-efficient methodology is
inevitable and thus a UV-absorbance-based measurement (UV-AM) system was established.
This methodology enabled further experiments revealing biodegradation patterns that
contribute to the more complete understanding of the processes during SMX and BTs
biological removal. This system allowed analyzing both benzotriazole (1-H-benzotriazole,
4-tolyltriazole and 5-tolyltriazole) and sulfamethoxazole (SMX, an antibiotic) within a large
number of biodegradation experiments. These experiments would normally require time-
intensive and money-consuming LC/GC measurements but are, in case of many laboratory
setups, not always needed. In lab scale setups, often high concentrations of the xenobiotica
are used to apply a high selective pressure on the microbial communities/pure cultures to
achieve a fast acclimation. These concentrations could be monitored by a simple UV-
absorbance measurement (UV-AM) that was developed and validated for screening a large
number of setups. This technique required hardly any preparation and significantly less time
and money compared to LC/GC methods. UV-AM was evaluated by comparing its measured
values with LC-UV and GC-MS/MS results. Furthermore, its application for monitoring and
screening unknown activated sludge communities (ASCs) and mixed pure cultures has been
approved to detect xenobiotica biodegradation of benzotriazole (BTri), 4- and 5-tolyltriazole
(4-TTri, 5-TTri) as well as SMX. In laboratory setups, xenobiotic concentrations above 1.0
mg L without any enrichment or preparation were detectable after optimization of the
method. UV-AM did not require any specific preparatory work and could be performed in
96 or even 384 well plate formats thus significantly increasing the number of possible
parallel setups and screening efficiency whereas analytic and laboratory costs were reduced
to a minimum. With this technique, further experiments were possible to reveal specific
biodegradation patterns of the used ASCs/pure cultures with respect to the applied

xenobiotica.

8.1.2  Benzotriazoles — Monitoring

Benzotriazole (BTri), 4-methyl-(4-TTri) and 5-methyl-benzotriazole (5-TTri), summarized as
BTs, were monitored over one year in three wastewater treatment plants (WWTPs MBR-MH,
CAS-E and CAS-M) operated with different treatment regimes, i.e. a membrane bioreactor

(MBR-MH), a conventional activated sludge plant with intermittent nitrification/
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denitrification (CAS-E) and a two stage activated sludge plant (CAS-M). These WWTPs were
monitored for their BTs influent/effluent concentrations, removal efficiencies of the treatment
stages, and their impact on the receiving rivers. Furthermore, as the three WWTPs receive
different wastewater volumes from industry, inferences can be drawn regarding the influence

of industry on BTs concentrations.

With a mean of 75%, 5-TTri was removed best in all three WWTPs and that removal
occurred mainly in the aeration tanks, probably due to biodegradation. In contrast, BTri,
with a mean total removal of 45% and 4-TTri, with a mean total removal of only 15%
showed significantly lower removal efficiencies. Their removal took place across all the
different wastewater treatment stages such as primary clarifier, aeration tank and
sedimentation tank. Both compounds were equally removed biologically, i.e.
biodegradation, and abiotically, probably by photodegradation. High removal fluctuations
over the four seasons of the year were observed in all three WWTPs for the BTs but lowest

removal occurred during winter.

Additionally, measurements of the receiving rivers up- and down-stream the WWTPs
showed that they constituted a point source for BTs in the aquatic environment. Significantly
increased BTs concentrations were detected for MBR-MH (total mean 3.58 pg L") and CAS-
M (total mean 1.1 pg L") downstream the WWTP while the rivers upstream the WWTPs
showed hardly any BTs contamination (total mean <0.4 pg L"). In contrast, WWTP CAS-E
effluents only slightly increased the river’s downstream concentrations up to 0.64 pg L'as
the receiving river was already contaminated with BTs (total mean 0.50 ug L) due to diffuse
entries from hydropower. Regarding the downstream concentrations of the individual BTs
substances, BTri was found ranging from 0.43 to 1.66 g L, 5-TTri from 0.03 to 0.16 gL
and 4-TTri from 0.18t0 1.76 g L.

In general, 5-TTri showed a good removal during wastewater treatment and was thus
detected at lower effluent concentrations compared to BTri and 4-TTri that showed a minor
removal in WWTPs resulting in higher effluent concentrations. Therefore, these two
compounds have the potential to accumulate in the receiving rivers, as their self-purification
potential presumably is not enough to eliminate these compounds. However, also the better
removed 5-TTri was not completely eliminated and occurred in the effluents implying the
need for further research on specifically optimizing BTs removal efficiency during

wastewater treatment.
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8.1.3  Benzotriazoles - Biodegradation

The monitoring results indicated that biodegradation might be the preferential removal
mechanism for 5-TTri and also contribute to BTri and 4-TTri removal. Therefore, laboratory
experiments were conducted to evaluate the impact of biodegradation on BTs removal. For
that purpose, three ASCs, taken from the monitored three WWTPs were evaluated for their
biodegradation potential on benzotriazole (BTri), 4-methyl-benzotriazole (4-TTri) and 5-
methyl-benzotriazole (5-TTri). In addition, their biodegradation ability under aerobic,
denitrifying, sulfate reducing and anaerobic conditions as well as under supply of different

nutrients was evaluated.

All three ASCs were able to biodegrade up to 30 mg L' 5-TTri and BTri under aerobic
conditions within up to 7 and 49 days, respectively, but showed no removal under
denitrifying, sulfate reducing or anaerobic conditions. In contrast to these results, 4-TTri was
refractory under all conditions tested explaining why 4-TTri also showed the lowest

elimination during wastewater treatment.

Furthermore, significant differences were observed for BTri biodegradation with non-
acclimated sludge: ASC from MBR-MH, CAS-E and CAS-M needed 21d, 41d and 49 d,
respectively, to remove BTri. After acclimation, all three ASCs removed BTri within 7 days.
In addition, different carbon and nitrogen concentrations revealed that nitrogen was
implicitly required for biodegradation while carbon showed no such effect. In presence of
additionally supplied nitrogen, biodegradation was faster and more efficient than with only
carbon sources being present. As a strong nitrogen dependency during BTri biodegradation
was observed it might be that 5-TTri biodegradation, although fast compared to BTri, could
also be improved by nitrogen supply. As 5-TTri, although observing a better biodegradation
compared to BTri, is not completely eliminated during wastewater treatment, further
improvements could achieve biodegradation rates being high enough to ensure an almost
complete removal. Therefore, additional experiments regarding 5-TTri biodegradation

enhancement were set up to evaluate the optimal conditions for 5-TTri removal.

As 5-tolyltriazole (5-TTri) might, despite its good biodegradability, have a detrimental impact
on aquatic systems an acute need to reduce the concentration of 5-TTri in the effluents of
WWTPs is given. Therefore, further research focusing on the enhancement of 5-TTri
biodegradation through acclimation of the ASCs to high concentrations of 5-TTri as well as
by supplying additional nutrients was required. The results might also help to improve the
biological removal of BTri. For these experiments, the ASCs were pre-screened in presence

of 20 mg L 5-TTri. Biodegrading biomass was subsequently used to inoculate a following
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generation that finally led to nine ASC generations. ASC generation two was characterized
by a lag phase of five days without biodegradation that was followed by rapid removal of 5-
TTri. ASC generation three behaved similarly but exhibited a lag phase of four days. The
following generations four to nine were, in contrast to generations two and three, able to
utilize 5-TTri immediately after inoculation and showed high biodegradation rates ranging
from 3.3 to 5.2 mg L' d". An additional experiment performed with the supernatant from
centrifuged activated sludge that was used to simulate the complex nutrient conditions in
wastewater, demonstrated that this sludge supernatant (SS) significantly enhanced
biodegradation. The natural nutrients contained in SS resulted in removal rates ranging from
3.2 to 5.0 mg L' d” without prior ASC acclimation. The control group without SS showed
significantly lower biodegradation rates of <2.2 mg L' d"'. These SS experiments indicated
that 5-TTri removal might be strongly dependent on nitrogen supply, a behavior already
observed for BTri. Presumably biodegradation begins by benzene ring cleavage and is
necessitating nitrogen-supply. Subsequent experiments performed with three nitrogen
species (NH;NOs, NH,Cl and NaNOs) also significantly enhanced biodegradation. These
results further strengthened the theory of nitrogen being crucial for 5-TTri biodegradation.
All supplied nitrogen species enhanced biodegradation and enabled the ASC to utilize 5-

TTri without the need for acclimation as was already observed for SS-supplied setups.

Results from biodegradation experiments with ASCs indicated that 5-TTri and probably BTri
might be removed in a concerted syntrophic metabolic reaction involving different bacteria,
as it was not possible to obtain pure BTs biodegrading bacterial cultures, even after intensive
effort. To obtain an idea, which organisms might be involved in biological BTs removal
processes, an intensive characterization approach focusing on 5-TTri biodegrading ASC
including  denaturing gradient gel electrophoresis (DGGE), metagenomic and
metatranscriptomic analyzes, was adopted. DGGE analysis revealed a low biodiversity in
the biodegradation setups consisting of mainly four dominant species, i.e. Aminobacter spp.,
Flavobacterium spp., Hydrogenophaga spp. and Pseudomonas spp.. In contrast,
metagenomic analysis showed a high diversity across the different biodegradation setups but
only few organisms with a high abundance. The most prominent species in the non-
biodegrading setup were Mesorhizobium spp. and Hydrogenophaga spp. while in the
biodegrading setups Acidovorax spp., Hydrogenophaga spp. and Pseudomonas spp. were
found in highest abundance. Hydrogenophaga spp. showed a decreased activity in the non-
biodegrading setup but a significantly increased activity in the biodegrading one.
Pseudomonas spp. showed a very high overall activity. However, it might be that

Pseudomonas spp. do not biodegrade 5-TTri alone and the formation of a biodegrading ASC
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is required. The third dominant genus, i.e. Acidovorax, also showed a high activity in the
biodegrading setups indicating that these genus might also contribute to 5-TTri
biodegradation. Their high metabolic activity might allow the organisms to easily establish a

functioning biodegrading ASC.

To finally conclude, this research project evaluated the biodegradation of three
benzotriazoles together with the antibiotic sulfamethoxazole with respect to different redox
and nutrient conditions. Therefore, experiments with ASCs and pure cultures were
conducted and demonstrated that BTri and 5-TTri as well as sulfamethoxazole were
biodegradable under aerobic conditions but not under denitrifying, sulfate reducing or
anaerobic conditions. 4-methyl-benzotriazole was biologically stable under all applied
conditions. An additional monitoring study over one year in three different wastewater
treatment plants showed a similar benzotriazoles’” behavior than observed in the laboratory

experiments but a strong fluctuation regarding removal efficiencies.

8.1.4  Sulfamethoxazole — Identification of Pure, Biodegrading Bacterial Cultures

In this experimental approach, SMX (sulfonamide antibiotic) biodegradation was evaluated.
SMX biodegradation by ASCs is still only partly understood. Thus, extensive investigations
were performed and finally resulted in nine different bacteria species, capable of SMX
biodegradation, isolated from ASCs. These isolates allow to specifically correlate
biodegradation pattern with the bacterial species and performing specific optimizations.
Therefore, all nine isolates were subsequently identified via 16S rRNA gene sequencing and
revealed five Pseudomonas spp., one Brevundimonas sp., one Variovorax sp. and two
Microbacterium spp.. Thus, seven species belonged to the phylum Proteobacteria and two to
Actinobacteria. These cultures were incubated in media containing 10 mg L' SMX and
different nutrients, i.e. complex nutrients, specific nutrients carbon (sodium acetate) and
nitrogen (ammonium nitrate), but also mineral salt medium without nutrients. Different
biodegradation patterns were revealed with respect to media composition and bacteria
species. It occurred very fast with 2.5 mg L' d”' SMX being biodegraded in all pure cultures
in complex nutrient R2A-UV media under aerobic conditions and room temperature.
However, different and reduced biodegradation rates were observed for setups with SMX
provided as co-substrate together with specific carbon (sodium acetate) and nitrogen
(ammonium nitrate) supply at a ratio of DOC: N — 33: 1 with rates ranging from 1.25 to 2.5
mg L' d'. Media containing only SMX as carbon and nitrogen source showed the
organisms’ ability to use SMX as sole nutrient and energy source where biodegradation rates

decreased to 1.0 — 1.7 mg L™ d”. Species-specific biodegradation rates and behaviors at
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various nutrient conditions occurred and confirmed that throughout readily degradable
energy sources were crucial for efficient SMX biodegradation. Thus, pure cultures were
shown to be capable of SMX biodegradation and experiments with different nutrients
showed their impact on biodegradation rates. Such experiments are hardly possible with
ASCs as their composition is unknown and nutrients can emerge from the ASC itself. Isolates

are thus inevitable for specific biodegradation experiments.

8.2 OUTLOOK

This thesis covered the large topic of biodegradation with the focus on the benzotriazoles 1-
H-benzotriazole (BTri), 4-methyl- and 5-methyl-benzotriazole (4-TTri, 5-TTri), as well as
sulfamethoxazole (SMX). It was shown that ASCs, under the premise of the right conditions,
were able to remove all mentioned compounds except 4-methyl-benzotriazole. Therefore,
further research is implicitly required on the removal of 4-TTri by means of abiotic
processes, i.e. advanced oxidation processes, ozonation or UV-treatment, as this compound
poses a high risk to accumulate in the aquatic environment. BTri showed a weak and
inconsistent removal during wastewater treatment and might be prone to accumulation
while 5-TTri and SMX observed a good biodegradation potential. Therefore, for these two
compounds, additional treatment steps, e.g. a fourth treatment stage, might not be required.
However, also 5-TTri and SMX are not completely removed and adaptations and
improvements in the existing wastewater treatment systems are necessary to ensure a
consistent and complete biological removal. Nevertheless, the optimal way to reduce these
compounds would be to minimize their application and/or, especially for BTri and 4-TTri,
their replacement. 5-TTri, as potent in corrosion protection as the other two compounds,

could easily replace them.

Additional efforts are surely required to evaluate further aspects regarding biodegradation. In
case of the benzotriazoles, experiments to determine optimal biodegradation conditions for
ASCs are still necessary and might finally result in an appropriate wastewater treatment
strategy. Furthermore it is still unknown which effects may lead to the biological
discrimination of 4-TTri that exhibits almost the same chemical characteristics as 5-TTri.
Analyzes regarding the enzymes involved in 5-TTri biodegradation metabolism might help
to solve that problem. Additionally, such research would also lead to the determination of
enzymatic degradation pathways and to the identification of transformation products
occurring during BTs biodegradation. Therefore, pure bacterial cultures are inevitable and
further efforts have to be undertaken to finally gain biodegrading isolates. A first step, the

characterization of 5-TTri biodegrading ASC with next-generation-sequencing was already
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accomplished during this project but further experiments must aim on finally resolving the

biodegrading community composition.

The same aspects should be considered for SMX biodegradation. As already pure cultures
are available, it might be possible to determine metabolic enzymatic pathways explaining
the underlying cellular processes. Knowledge of these pathways would enable specific
metabolic engineering approaches to optimize biodegradation or use direct enzyme-driven
setups for a cell-independent and cell-free removal strategy for SMX during wastewater

treatment whenever necessary.

In general, for both BTs and SMX, further research is required on transformation products
arising from biodegradation. Possible transformation products need to be characterized
regarding their aquatic toxicity and persistency to finally assess the full impact on aquatic
systems of BTs and SMX biodegradation. The formation of stable transformation products
might be possible and the application of advanced oxidation processes as the fourth
treatment stage could be a viable option to finally eliminating BTs and SMX from WWTPs

effluents.
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10.2 SEQUENCES OBTAINED FROM DGGE

closest relative

DGGE band length (bp) Species similarity [%] (ENA)
KF379759,
1a 529 Pseudomonas sp. 100 Pseudomonas
fragi

TCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGAGAAGGGCA
TTAACCTAATACGTTGGTGTCTTGACGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCA
GCCGCGGTAATACAGAGGGTGCAAGCGTTAATCGGAATTATGGGCGTAAAGCGCGCGTAGGTGG
TTTGTTAAGTTGAATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTGGCAAGCTAG
AGTATGGTAGAGGGTAGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGCGAAGGAACAC
CAGTGGCGAAGGCGACTACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAAC
AGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGGAGTCTTGAACTC
TTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAT
GGATT

KF379759,
1b 560 Pseudomonas sp. 100 Pseudomonas
fragi

CTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGG
AAGGGCATTAACCTAATACGTTGGTGTCTTGACGTTACCGACAGAATAAGCACCGGCTAACTCTGT
GCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGC
GTAGGTGGTTTGTTAAGTTGAATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTGG
CAAGCTAGAGTATGGTAGAGGGTAGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGA
AGGAACACCAGTGGCGAAGGCGACTACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGG
GAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGGAGT
CTTGAACTCTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAGTACGGCCGCAAGGTT
AAAACTCATGGAAGCTGACGGATTGGTAAGAAAGGTCGATT

. 1Q349044,
2a 530 Fla vobsacter/um 99 Flavobacterium
P- sp. KTce-4

GGCGCAGCCTGACCAGCCATGCCGCGTGCAGGATGAAGCATCTATGGTGTGTAAACTGCTTTTGT
ACGGGAAGAAACAACTCTTCGTGAAGAGTCTTGACGGTACCGTAAGAATAAGGATCGGCTAACTC
CGTGCCAGCAGCCGCGGTAATACGGAGGATCCAAGCGTTATCCGGAATCATTGGGTTTAAAGGGT
CCGTAGGCGGTTTTATAAGTCAGTGGTGAAATCTGGTCGCTCAACGATCAAACGGCCATTGATACT
GTAGAACTTGAATTACTTGGAAGTAACTAGAATATGTAGTGTAGCGGTGAAATGCTTAGAGATTAC
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ATGGAATACCAATTGCGAAGGCAGGTTACTACAAGTGGATTGACGCTGATGGACGAAAGCGTGG
GGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGATACTAGCTGTTCGGAG
CAATCTGAGTGGCTAAGCGAAAGTCGATAAGTATCCCACCTGGGGAGTACCAACGCAAGTTTGAAA
CTCATGGGA

. 1Q349044,
2b 530 Fla vobsacter/um 99 Flavobacterium
P: sp. KTce-4

GCCTGACCAGCCATGCCGCGTGCAGGATGAAGCGATCTATGGTGTGTAAACTGCTTTTGTACGGG
AAGAAACAACTCTTCGTGAAGAGTCTTGACGGTACCGTAAGAATAAGGCATCGGCTAACTCCGTGCC
AGCAGCCGCGGTAATACGGAGGATCCAAGCGTTATCCGGAATCATTGGGTTTAAAGGGTCCGTAG
GCGGTTTTATAAGTCAGTGGTGAAATCTGGTCGCTCAACGATCAAACGGCCATTGATACTGTAGAA
CTTGAATTACTTGGAAGTAACTAGAATATGTAGTGTAGCGGTGAAATGCTTAGAGATTACATGGAAT
ACCAATTGCGAAGGCAGGTTACTACAAGTGGATTGACGCTGATGGACGAAAGCGTGGGGAGCGA
ACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGATACTAGCTGTTCGGAGCAATCTGA
GTGGCTAAGCGAAAGTGATAAGTATCCCACCTGGGGAGTACGAACGCAAGTTTGAAACTCAATAA
AATTTT

Hydrogenophaga AB638427,
3a 469 y 85 phag. 99 Hydrogenophga
> defluvii

GCCTGATCCAGCCATGCCGCGTGCGTGAAGAAGGCCTTCGGGTTGTAAACTGCTTTTGTACGGAA
CGAAAAGGCTCTGGTTAATACCTGGGGCTCATGACGGTACCGTAAGAATAAGCACCGGCTAACTA
CGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCG
TGCGCAGGCGGTTTTGTAAGATAGGCGTGAAATCCCCGGGCTCAACCTGGGAACTGCGCTCGAG
ACTGCCAGGCTGGCAGTGCGGCACAGGGGGATGGAATTCCCCGTGTAGCAGTGAAATGCGTAGAT
ATGCGAAGGAACACCGATGGCGAAGGCAATCCCCTGGGCCTGCACTGACGCTCATGCGCGAAAG
CGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTGGTTGTT
GGGTCTCTTCTGACTCAA

Hydrogenophaga AB638427,
3b 539 s 98 Hydrogenophaga
P- defluvii

GGCGCAGCCTGATCCAGCATGCCGCGTGCAGGAAGAAGGCCTTCGGGTTGTAAACTGCTTTTGTA
CGGAACGAAAAGGCTCTGGTTAATACCTGGGGCTCATGACGGTACCGTAAGAATAAGCACCGGCT
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAA
AGCGTGCGCAGGCGGTTTTGTAAGACAGGCGTGAAATCCCCGGGCTCAACCTGGGAATTGCGCTT
GTGACTGCAAGGCTGGAGTGCGGCAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGT
AGATATGCGGCGAGGAACACCGATGGCGAAGGCAATCCCCTGGGCCTGCACTGACGCTCATGCACG
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTGGT
TGTTGGGTCTCTTCTGACTCAGTAACGAAGCTAACGCGTGAAGTTGACCGCCTGGGGAGTACGGC
CGCAAGGTTGAAACTCATAAAA

AY972176,
4a 428 Pseudomonas sp. 99 Pseudomonas
plecoglossicida

CATTCCTCCCACTTAAAGTGCTTTACAATCCGAAGACCTTCTTCACACACGCGGCATGGCTGGATCA
GGCTTTCGCCCATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTT
CCAGTGTGACTGATCATCCTCTCAGACCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACC
AACTAGCTAATCCGACCTAGGCTCATCTGATAGCGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGT
AGGACGTATGCGGTATTAGCGTTCCTTTCGAAACGTTGTCCCCCACTATCAGGCAGATTCCTAGGT
ATTACTCACCCGTCCGCCGCTGAATCAAGGAGCAAGCTCCCGTCATCCGCTCGACTTGCATGTGTT
AGGCCTGCCGCCAGCGTTCAATCTCGAGCCTAATC

AY972176,
4b 432 Pseudomonas sp. 99 Pseudomonas
plecoglossicida

CCTCCCACTTGAAGTGCTTTACAATCCGAAGACCTTCTTCACACACGCGGCATGGCTGGATCAGGC
TTTCGCCCATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCA
GTGTGACTGATCATCCTCTCAGACCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACCAACT
AGCTAATCCGACCTAGGCTCATCTGATAGCGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGTAGGA
CGTATGCGGTATTAGCGTTCCTTTCGAAACGTTGTCCCCCACTATCAGGCAGATTCCTAGGTATTAC
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TCACCCGTCCGCCGCTGAATCAAGGAGCAAGCTCCCGTCATCCGCTCGACTTGCATGTGTTAGGCC
TGCCGCCAGCGTTCAATCTGAGCCTGTTA

AY972176,
4c 422 Pseudomonas sp. 99 Pseudomonas
plecoglossicida

GAAGTGCTTTACAATCCGAAGACCTTCTTCACACACGCGGCATGGCTGGATCAGGCTTTCGCCCAT
TGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCAGTGTGACTG
ATCATCCTCTCAGACCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACCAACTAGCTAATCC
GACCTAGGCTCATCTGATAGCGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGTAGGACGTATGCG
GTATTAGCGTTCCTTTCGAAACGTTGTCCCCCACTATCAGGCAGATTCCTAGGTATTACTCACCCGT
CCGCCGCTGAATCAAGGAGCAAGCTCCCGTCATCCGCTCGACTTGCATGTGTTAGGCCTGCCGCC
AGCGTTCAATCTGAGCCTGTTA

AY972176,
4d 424 Pseudomonas sp. 99 Pseudomonas
plecoglossicida

CCACTTGAAGTGCTTTACAATCCGAAGACCTTCTTCACACACGCGGCATGGCTGGATCAGGCTTTC
GCCCATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCAGTGT
GACTGATCATCCTCTCAGACCAGTTACGGATCGTCGCCTTGGTGAGCCATTACCTCACCAACTAGCT
AATCCGACCTAGGCTCATCTGATAGCGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGTAGGACGTA
TGCGGTATTAGCGTTCCTTTCGAAACGTTGTCCCCCACTATCAGGCAGATTCCTAGGTATTACTCAC
CCGTCCGCCGCTGAATCAAGGAGCAAGCTCCCGTCATCCGCTCGACTTGCATGTGTTAGGCCTGC
CGCCAGCGTTCAATCTGAGCCT

NR025301,
5a 394 Aminobacter sp. 99 Aminobacter
aminovorans

GTGAAAGAGCTTTACAACCCTAGGGCCTTCATCACTCACGCGGCATGGCTGGATCAGGCTATGCG
CCCATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGT
GGCTGATCATCCTCTCAGACCAGCTATGGATCGTCGCCTTGGTAGGCCATTACCCCACCAACTAGC
TAATCCAACGCGGGCTCATCCAACTCCGATAAATCTTTCTCCTATCGGACGTATACGGTATTAGCAC
AAGTTTCCCTGAGTTATTCCGTAGAGCTGGGTAGATTCCCACGCGTTACTCACCCGTCTGCCGCTCC
CCTTGCGGGGCGCTCGACTTGCATGTGTTAAGCCTGCCGCCAGCGTTCGTTCTGAGCCTAACA

NR025301,
5b 396 Aminobacter sp. 99 Aminobacter
aminovorans

GCCTTCTTCCTGCACGCGGCATTGCTGGATCAGGCTTGCGCCCATTGTCCAAAATTCCCCACTGCT
GCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGGTCGTCCTCTCAGACCAGCT
ACAGATCGTTGGCTTGGTGAGCCTTTACCCCACCAACTACCTAATCTGACATCGGCCGCTCCAATC
GCGCGAGGCCTTACGGTCCCCCGCTTTCATCCATAGATCGTATGCGGTATTAGCGCAGCTTTCGCT
GCGTTATCCCCCACGACTGGGCACGTTCCGATGCATTACTCACCCGTTCGCCACTCGTCAGCACCT
TGCGGCCTGTTACCGTTCGACTTGCATGTGTAAAGCATGCCGCCAGCGTTCAATCTGAGCCAGATC
C

Hydrogenophaga AB638427,
6a 543 Y gs phag 99 Hydrogenophga
D defluvii

GCGCAGCCTGATCCAGCATGCCGCGTGCAGGAAGAAGGCCTTCGGGTTGTAAACTGCTTTTGTAC
GGAACGAAAAGGCTCTGGTTAATACCTGGGGCTCATGACGGTACCGTAAGAATAAGCACCGGCTA
ACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAA
GCGTGCGCAGGCGGTTTTGTAAGACAGGCGTGAAATCCCCGGGCTCAACCTGGGAATTGCGCTT
GTGACTGCAAGGCTGGAGTGCGGCAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGT
AGATATGCGGAGGAACACCGATGGCCAAGGCAATCCCCTGGGCCTGCACTGACGCTCATGCACG
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTGGT
TGTTGGGTCTCTTCTGACTCAGTAACGAAGCTAACGCGTGAAGTTGACCGCCTGGGGAGTACGGC
CGCAAGGTTGAAACTCAAGGAATTTTT

Hydrogenophaga AB638427,
6b 540 Y gs phag. 99 Hydrogenophga
P defluvii

GGCGCAGCCTGATCCAGCATGCCGCGTGCAGGAAGAAGGCCTTCGGGTTGTAAACTGCTTTTGTA




Attachements

CGGAACGAAAAGGCTCTGGTTAATACCTGGGGCTCATGACGGTACCGTAAGAATAAGCACCGGCT
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAA
AGCGTGCGCAGGCGGTTTTGTAAGACAGGCGTGAAATCCCCGGGCTCAACCTGGGAATTGCGCTT
GTGACTGCAAGGCTGGAGTGCGGCAGAGGGGGATGGAATTCCGCGTGTAGCAGTGAAATGCGT
AGATATGCGGAGGAACACCGATGGCCAAGGCAATCCCCTGGGCCTGCACTGACGCTCATGCACG
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTGGT
TGTTGGGTCTCTTCTGACTCAGTAACGAAGCTAACGCGTGAAGTTGACCGCCTGGGGAGTACGGC
CGCAAGGTTGAAACTCATAAAAT

KC767647,
7a 344 Aminobacter sp. 99 Aminobacter
aminovorans

CTCTTGCGCCCATTGTCCAATATTCCCCACTGATGCCTCCCGTAGGAGTCTGGGCCGTGTCTCATTC
CCAGTGTGGCTGATCATCCTCTCAGACCAGCTATGCATCGTCGCCTTGGTAGGCCATTACCCCACC
AACTAGCTAATCCAACGCGGGCTCATCCAACTCCGATAAATCTTTCTCCTATCGGACGTATACGGTA
TTAGCACAAGTTTCCCTGAGTTATTCCGTAGAGCTGGGTAGATTCCCACGCGTTACTCACCCGTCTG
CCGCTCCCCTTGCGGGGCGCTCGACTTGCATGTGTTAAGCCTGCCGCCAGCGTTCGTTCTGAGCC
AGGTGCAAACTC

KC767647,
7b 381 Aminobacter sp. 99 Aminobacter
aminovorans

CCCCTGCTGGAGCAACACGGCCTGAACCATGGTCAAACTCATTGCGCCCATTGTCCAATATTCCCC
ACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGATCATCCTCTCAGAC
CAGCTATGGATCGTCGCCTTGGTAGGCCATTACCCCACCAACTAGCTAATCCAACGCGGGCTCATC
CAACTCCGATAAATCTTTCTCCTATCGGACGTATACGGTATTAGCACAAGTTTCCCTGAGTTATTCCG
TAGAGCTGGGTAGATTCCCACGCGTTACTCACCCGTCTGCCGCTCCCCTTGCGGGGCGCTCGACTT
GCATGTGTTAAGCCTGCCGCCAGCGTTCGTTCTGAGCCAGGTCAAACTC




