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Abstract

Abstract

Antibiotics discharged in the environment raise concerns in public health and ecological
functions. The broad occurrence of antibiotic residues contributes to the development and
propagation of antibiotic resistance genes, causing a significant reduction of antibiotics
available for treatments of infectious disease. Sulfamethoxazole (SMX) is one of the most
frequently detected antibiotics in the environment, especially enriched in manure, sludge, and
farm-impacted soil. Microbial degradation is the major sink of SMX in both natural and
engineered systems. Aerobic SMX-degraders have been enriched and isolated, whereas
identification of in-situ degrading populations is still challenging. Besides, field studies
revealed the contribution of anaerobic processes to SMX mitigation, while knowledge about
the anaerobic SMX-transforming bacteria is limited and no pure strain was described until now.
In addition, a robust assessment method is needed to evaluate attenuation of SMX in complex
matrices. In this study, we aimed to identify in-situ aerobic SMX-degraders, characterize
anaerobic SMX-transforming cultures, and develop assessment techniques to evaluate removal

of SMX in the environment.

We investigated aerobic SMX-degrading bacteria in soil microcosms by culture-independent
DNA and protein stable isotope probing (SIP). 0.5% of the carbon from '*Ces-labeled SMX
amended to soil microcosms was transformed to '*CO> demonstrating partial mineralization of
the antibiotic. DNA-SIP revealed incorporation of *C from '3Ce-labeled SMX into
Actinobacteria and among them into the families Intrasporangiaceae, Nocardioidaceae, and
Gaiellaceae and the order Solirubrobacterales. Protein-SIP demonstrated that the
incorporation of '3C from ’Ce-labeled SMX into proteins of bacteria of the families
Intrasporangiaceae, Nocardioidaceae, and the order Solirubrobacterales, which was
consistent with the results of DNA-SIP. The '*C abundance of 60 to 80% in several
taxonomically relevant proteins indicated that Intrasporangiaceae directly acquired carbon

from '*Ce-labeled SMX, acting as primary SMX-degraders in the soil.

Furthermore, we examined how microbial anaerobic transformation contributes to removal of
SMX. We enriched SMX-transforming mixed cultures from sediment of a constructed wetland
and digester sludge from a wastewater treatment plant. Transformation of SMX was observed
in both sulfate-reducing and methanogenic cultures, whereas nitrate-reducing cultures showed
no SMX transformation. In sulfate-reducing cultures, up to 90% of an initial SMX

concentration of 100-250 uM was removed within 6 weeks of incubation. Our results
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demonstrated that the transformation was microbially catalyzed. The transformation products
in sulfate-reducing cultures were identified as reduced and isomerized forms of SMX’s
isoxazole moiety. The transformation products did not spontaneously re-oxidize to SMX after
oxygen exposure, and their antibacterial activity significantly decreased compared to SMX.
Population analysis in subsequent transfers of the enrichment revealed a community shift
towards the genus Desulfovibrio. We therefore tested a deposited strain of Desulfovibrio
vulgaris Hildenborough for its capacity to transform SMX and observed the same
transformation products at similar rates. We then investigated the physiology of the mixed
SMX-transforming cultures, and found that the mixed cultures did not grow on SMX.
Transformation of SMX by D. vulgaris Hildenborough was identified as a cometabolic process.
Addition of electron donor can promote transformation of SMX by D. vulgaris Hildenborough.
Intact-cell activity test revealed that anaerobic transformation of SMX was an enzymatic
reduction process, and SMX did not induce expression of specific transformation related
proteins. Besides, in the intact-cell activity test, exponential phase cells showed higher activity

towards SMX transformation compared with stationary phase cells.

Significant carbon and hydrogen isotope fractionations (&c=-5.8+0.7%o, &y=-33.8+£9.2%o0)
during anaerobic transformation of SMX by D. vulgaris Hildenborough was revealed by
compound specific isotope fractionation (CSIA). The &¢ (-5.8+0.7%o) is significantly different
from the reported values for aerobic degradation (£c=-0.6+0.1) and chemical treatments (e¢=-
0.8~-4.8 for photolysis, ec=-0.8~-2.2 for oxidation). Mechanism of anaerobic transformation
was proposed as reductive transformation, which is different from hydroxylation and oxidation
reported for microbial aerobic degradation and chemical treatments (photolysis and oxidation),
the fact further verifies the robustness of CSIA to differentiate reaction mechanisms. Good

correlation was observed between change of carbon isotopes and change of hydrogen isotopes.
The distinctive lambda value (Agl/fk) achieved in our study for anaerobic transformation of

SMX can be applied in field study to assess attenuation of SMX.

In sum, our work revealed that Intrasporangiaceae as non-cultivable bacteria played key roles
in aerobic degradation of SMX in pig-farm impacted soil, and sulfate-reducing bacteria
especially D. wvulgaris transformed and detoxified SMX under anaerobic conditions.
Processes for removal of SMX can be differentiated by the robust CSIA method. This study
extended the understanding of microbial degradation and transformation of SMX under aerobic

and anaerobic conditions, providing suggestions for bioremediation and wastewater treatment.
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Zusammenfassung

Zusammenfassung

Die Einfiihrung von Antibiotika in die Umwelt ist nicht nur fiir die 6ffentliche Gesundheit
sondern auch fiir die Funktionen von Okosystemen bedenklich. Deren breites Auftreten trigt
zur Entwicklung und Verbreitung von Antibiotika-resistenten Genen bei und verringert die
Verfiigbarkeit von Antibiotika zur Behandlung von Infektionskrankheiten. Sulfamethoxazol
(SMX)) ist eines der am hiufigsten detektierte Antibiotika in der Umwelt mit besonders hoher
Anreicherung in Giille, Schlamm und agrarwirtschaftlich-beeinflussten Boden. Mikrobielle
Degradation ist hierbei die Hauptsenke fiir SMX in natiirlichen wie auch technischen Systemen.
Zwar wurden aerobe SMX-degradierende Mikroorganismen angereichert und isoliert, jedoch
ist die Identifikation von in-situ degradierenden Populationen noch immer herausfordernd.
Feldstudien haben den Beitrag von anaeroben Prozessen zur Entschiarfung der SMX-
Problematik aufgezeigt, jedoch ist das Wissen iiber anaerobe SMX-transformierende
Mikroorganismen limitiert und noch keine Reinkultur beschrieben. Ein robustes
Bewertungsverfahren ist notig, um den SMX-Abbau in komplexer Matrix zu bewerten. In der
vorliegenden Studie lag unsere Zielstellung darin, in-situ aerobe SMX-Degradierer zu
identifizieren, anaerobe SMX-transformierende Kulturen zu charakterisieren und
Bewertungsmethoden zu entwickeln, um die Entfernung von SMX aus der Umwelt zu

beurteilen.

Wir untersuchten aerobe SMX-degradierende Bakterien in Boden-Mikrokosmen durch
Kultivierungs-unabhidngige DNS und Protein Stabile-Isotopen-basierte Techniken. Partielle
SMX-Mineralisation wurde durch die Kohlenstoff-Transformation von '*Cs-gelabeltem SMX
zu CO2 um 0.5% in Boden-Mikrokosmen demonstriert. Stabile-Isotopen-basierte
Untersuchungen zeigten die Inkorporation von *C aus '*Cs-gelabeltem SMX in die DNS von
Actinobacteria, darunter die Familien Intrasporangiaceae, Nocardioidaceae und Gaiellaceae
sowie die Ordnung Solirubrobacterales. Protein stabile-Isotopen-basierte Techniken
demonstrierten die Inkorporation von '’Cs-gelabeltem SMX in bakterielle Proteine der
Familien Intrasporangiaceae, Nocardioidaceae sowie die Ordnung Solirubrobacterales. Dies
stimmt mit den Ergebnissen der DNS stabilen-Isotopen Untersuchung iiberein. Die Abundanz
von 60-80% des '*C innerhalb einiger taxonomisch relevanter Proteine deutet auf die direkte
Aufnahme von '’C-gelabeltem SMX durch Intrasporangiaceae und dessen dominante

Beteiligung bei der SMX-Degradation im Boden hin.
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Zudem untersuchten wir, inwiefern anaerobe Transformation zur Entfernung von SMX beitragt.
Hierbei wurden SMX-transformierende Mischkulturen aus Sediment eines technischen
Feuchtgebietes und Faulschlamm einer Kldranlage angereichert. Die SMX-Transformation
wurde bei Sulfat-reduzierenden sowie methanogenen, jedoch nicht Nitrat-reduzierenden
Kulturen beobachtet. In Sulfat-reduzierenden Kulturen wurden bei einer Initialkonzentration
von 100-250 uM SMX bis zu 90% SMX innerhalb von 6 Wochen Inkubation entfernt. Unsere
Resultate demonstrierten, dass es sich um eine mikrobiell-katalysierte Transformation handelte.
Die Transformationsprodukte unter Sulfat-reduzierenden Bedingungen wurden als reduzierte
und isomerisierte Form der SMX Isoxazol-Funktionalitdt identifiziert und beschrieben. Sie
unterlagen bei Sauerstoff-Exposition keiner spontanen Re-Oxidation und ihre antibakterielle
Aktivitit verringerte sich signifikant im Vergleich zu SMX. Populationsanalysen bei
anschlieBender Ubertragung der Anreicherungskulturen zeigten eine Verschiebung der
mikrobiellen Gemeinschaft zu der Gattung Desulfovibrio. Folglich testeten wir einen
hinterlegten Stamm von Desulfovibrio vulgaris Hildenborough bzgl. dessen Kapazitit SMX zu
transformieren und beobachteten bei gleiche Rate die selben Transformationsprodukte. Des
Weiteren untersuchten wir die Physiologie der SMX-transformierenden Mischkulturen und
zeigten, dass diese nicht auf Basis von SMX wuchsen. Die Transformation von SMX durch
Desulfovibrio vulgaris Hildenborough wurde als cometabolischer Prozess identifiziert und die
Zugabe von Elektronendonor kann die Transformation von SMX durch D. vulgaris verstirken.
Aktivitdts-Tests mit intakten Zellen zeigten auf, dass die anaerobe Transformation von SMX
ein enzymatischer Reduktionsprozess ist und keine Expression spezifischer Transformations-
bezogener Proteine induziert wurde. Innerhalb von Aktivitéits-Test mit intakten Zellen wiesen
diese in exponentieller Wachstumsphase hohere Aktivitit bzgl. SMX-Transformation im

Vergleich zu Zellen in stationdrer Phase auf.

Signifikante Kohlenstoff- und Wasserstoff-Isotopenfraktionierung ( & =-5.8+0.7%o,
&g =-33.849.2%0) wurde wihrend der anaeroben SMX-Transformation durch D. vulgaris
Hildenborough durch Komponenten-spezitische Isotopen-Fraktionierung (CSIA) aufgedeckt.
Der & (-5.8+0.7%o) unterschied sich signifikant im Vergleich zu beschriebenen Werten fiir die
aerobe Degradation (g¢=-0.6£0.1) und chemische Behandlung (e=-0.8~-4.8 fiir Photolyse,
ec=-0.8~-2.2 fir Oxidation). Der Mechanismus der anaeroben Transformation wird als
reduktive Transformation vorgeschlagen, was sich deutlich von der beschriebenen
Hydroxylierung und Oxidation fiir mikrobielle aerobe Degradation und chemische Behandlung

(Photolyse, Oxidation) unterscheidet. Dies bestitigt die Robustheit von CSIA zur
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Differenzierung von Reaktionsmechanismen. Eine gute Korrelation konnte zwischen

Kohlenstoff- und Wasserstoff-Isotopen beobachtet werden. Die in dieser Studie der anaeroben
H/C

bulk), konnen

Transformation von SMX erhaltenen sich unterscheidenden Lambda-Werte (A

in Feldstudien angewendet werde, um den Abbau von SMX festzustellen.

Zusammengefasst deckte unsere Arbeit auf, dass Intrasporangiaceae als nicht-kultivierbare
Bakterien eine Schliisselrolle wihrend der aeroben Degradation von SMX in Schweinezucht-
beeinflusstem Boden spielten sowie Sulfat-reduzierende Bakterien, insbesondere D. vulgaris
Hildenborough, unter anaeroben Bedingungen SMX transformierten und detoxifizierten.
Prozesse zur Entfernung von SMX konnen durch die robuste CSIA-Methode differenziert
werden. Diese Studie erweiterte das Verstdandnis fiir mikrobielle Transformation von SMX
unter aeroben und anaeroben Bedingungen und stellt Vorschldge fiir Bioremediation und

Abwasserbehandlung zur Verfiigung.
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Major Theses

1. Intrasporangiaceae were identified as key SMX-degraders in pig-farm impacted soil by

cultivation independent SIP techniques;
2. SMX was transformed and detoxified by sulfate-reducing mixed cultures;

3. Transformation products in sulfate-reducing cultures were identified as reduced and

isomerized forms of the SMX’s isoxazole moiety;
4. The pure strain D. vulgaris transformed SMX but did not use it as a growth electron acceptor;
5. Anaerobic transformation of SMX by D. vulgaris is an enzymatic reduction process;

6. Distinct carbon and hydrogen isotope fractionations were observed during transformation of

SMX by D. vulgaris.
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Introduction

1 Introduction

1.1  Antibiotics in the environment and their impacts
1.1.1 General background of antibiotics and antibiotic resistance

Antibiotics were discovered in the early 20" century to combat infectious disease and
dramatically increased the survival rate worldwide.! Afterwards in the 1950s the United States
Food and Drug Administration approved usage of low dose antibiotics as food-additives in
cattle farms. This approach escalated application of antibiotics in daily scenarios apart from
clinics.? Nowadays, clinical and veterinary antibiotics contribute almost equally to the total
consumption in the market.** Even though governments worldwide devoted efforts to control
abuse of antibiotics in clinics and cattle farms, increasing consumption of antibiotics are still

reported, especially in developing countries.’

Antibiotic resistant pathogens were detected in clinics towards almost all types of antibiotics
after the “golden age” of antibiotics, even for the new generation of antibiotics, against which
resistance mechanisms were previously considered not to develop.® The four fundamental
resistance mechanisms include 1) efflux of the antibiotics, 2) alteration of the target, 3)
circumvention of the target pathways and 4) inactivation of the antibiotics. According to
estimates by “UN Interagency Coordination Group on Antimicrobial Resistance” antibiotic
resistance could lead 10 million deaths each year by 2050 and catastrophic damage to the

economy as 2008 global financial crisis.”8
1.1.2 Distribution of antibiotics in the environment

Antibiotics are not completely taken up by humans and animals, thus, large amounts (~ 50%)
of ingested antibiotics are excreted to the environment and are now considered as emerging
trace contaminants in recent years.” Cattle farms, aquacultures, hospitals and antibiotic
manufacturers are becoming antibiotic hotpots and effluents from them eventually gather in
municipal wastewater treatment plants.'®!* Discharge of antibiotics from hotpots results in
widespread distribution of residual antibiotics in natural environments such as surface water,
soil, groundwater and sediment, together with abundant antibiotic resistant bacteria (Figure 1).
Persistent antibiotics can be frequently detected in all environmental compartments and residue

concentrations varies from mg kg™! to ng kg'! level.'*!7
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Figure 1. Discharged route of antibiotics from hotspots to the environment, modified from literature.'® “Solid

waste disposal” in this figure represents treatment and disposal of sludge and manure.

1.1.3 Antibiotic resistance on the environmental dimension

Antibiotics in the environment can stimulate the development and propagation of
environmental antibiotic resistance genes (ARGs). ARGs were considered as emerging
environmental contaminants in 2006,'° within recent decades more and more ARGs and
antibiotic resistant bacteria were detected worldwide, and substantial evidence showed
anthropogenic activities significantly increased the diversity and abundance of ARGs in the

23 and were

environment.?’?> These environmental ARGs shared profiles with the clinic ones,
considered to be a non-negligible factor for exacerbation of antibiotic resistance crisis. Hence,
decreasing the environmental resistance levels could contribute to the solution of global
antibiotic threats. Elimination of antibiotic residues in the environment can release the selection
pressure on antibiotic resistance genes, and in the meantime also decrease the disturbance of

antibiotics on ecological functions.?*

1.2 The antibiotic SMX in the environment: a model sulfonamide
SMX, used in high amounts as human and veterinary medicine, is prescribed to prevent and
treat bacterial infection caused by both gram positive and negative species.>?>?® SMX is
persistent and one of the most frequently detected antibiotics in the environment.?’! Up to 18
mg kg! SMX was reported in cattle manure.'®!® Hence, in our study, we selected SMX as a
representative sulfonamide antibiotic to investigate microbial degradation of a persistent
antibiotic in the environment. Here, we summarized SMX’s mode of action, properties, toxicity,

and occurrence, transformation products, behavior in the environment.

2
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1.2.1 Mode of action of SMX

SMX is a bacteriostatic antibiotic inhibiting the synthesis of folate in bacterial cells, and has
no effect on mammals as they do not synthesize folate. The antibacterial activity of SMX
depends on the sulfanilamide moiety as an analog of p-aminobenzoic acid (PABA), and PABA
is a substrate of dihydropteroate synthase (DHPS) for the formation of dihydropteroate acid.
SMX was used in combination with trimethoprim since 1969 to provide sequential and
synergistic inhibition of bacterial folate metabolism.*> SMX and trimethoprim are always

detected together in the environment® due to their resistance to microbial degradation.
1.2.2 Properties and chemical reactivity of SMX

SMX is polar (log Kow =0.89) and soluble in water (610 mg L' at 37°C and neutral pH), making
it highly mobile among environmental compartments,** for example continuously leaching
from manure-amended soil to water body.*>> SMX, as a weak acid (pKai=1.6, pKa2=5.7), exists
predominantly as anions under neutral conditions (Figure 2), resulting in low levels of

adsorption to negatively charged soil particles and reversible desorption from activated

sludge.**%’
SMX
(o] o [e]
ﬁH,O%_NH pK,=1.61+0.2 NHZO%_—W pKaz—57+02 @—ﬁ
[¢] - o]
5N L) d
\o \o
SH,* SH

Figure 2. Protonation and deprotonation of SMX based on dissociation constants, showing the cationic form,

neutral form and anionic form of SMX.3®

. N
HaN i i S+NH
* . Cl
P8 9 | |
7\
NN
Photodegradation

Figure 3. Reactive sites on SMX for chemical reactions including photolysis and oxidation. Numbers on atoms

show the conventional usage of atom numbering in sulfonamide antibiotics.
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Photolysis: Direct photolysis is the dominant mechanism for photochemical elimination of
SMX.** The benzene moiety of SMX as a chromophore group can absorb photons and trigger
direct photolysis. Photolysis pathways vary depending on pH and irradiation wavelengths.%
Major pathways involve cleavage of the sulfonamide bond, hydroxylation, isomerization and
fragmentation of the isoxazole ring (Figure 3).**> The acute toxicity of photodegradation
products to Daphnia magna was higher than that of SMX.** Indirect photolysis of SMX was
also reported in the presence of Fenton reagents (a solution of hydrogen peroxide with ferrous

iron),** and addition of nitrate did not promote photolysis of SMX.*?

Oxidation: Ozone, chlorine dioxide, persulfate and Fenton reagents are often utilized in
advanced oxidation to generate highly reactive radicals.***’ Both experiments*® and

computation®

identified the aniline moiety of SMX as the reactive part during oxidation
process (Figure 3). Both hydroxyl radicals and sulfate radicals attack on the aniline nitrogen
of SMX and generate nitro derivatives and dimeric products.’® Besides, oxidation of SMX by

chlorine can induce chlorinated products, which also predominantly occurs on aniline moiety.!
1.2.3 Occurrence and toxicity of SMX in the environment

Pharmaceutical factories, livestock farms, hospitals and municipal wastewater treatment plants
are considered as contamination sources of SMX. Discharges from these sources result in the
occurrence of SMX in various environmental compartments (Table 1). The highest SMX
residual concentrations were reported in solid waste (manure and activated sludge) up to 18
mg kg! (Table 1).!°Besides, the SMX concentrations in wastewater from some pharmaceutical
manufactories can also reach 1.3 mg L,'® whereas the SMX concentrations in wastewater
from hospitals, municipal sewage plants are lower and within the range of 0.09-27.8

L-1.101652 No significant differences of SMX concentrations were observed between

ng
WWTP influents and effluents, indicating low removal efficiency achieved in municipal
sewage treatment plants.®> On average, SMX residual concentrations in natural water bodies
including surface water, ground water and drinking water are lower than that in contamination
sources (Table 1). High concentrations of SMX in soil were reported up to 671 ug L™! (Table
1),!° as antibiotic-containing manure and activated sludge are applied to soil as fertilizers, thus

SMX poses high risks to both agricultural systems and the related water bodies (Table 1).
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Table 1. A summary of detected frequency and concentrations of SMX in contamination sources and

environmental compartments based on studies from different countries (data from literature®?)

Contamination sources or Detection Detected concentration (ug L™
environmental compartments frequency for water, pg kg™! for solid)
Pharmaceutical wastewater 40% 24.8-1,340
Livestock wastewater 50% 0.44-8.84
Hospital wastewater 100% 0.2-27.8
WWTP influent 100% 0.36-7.91
WWTP effluent 100% 0.09-9.46
Manure 83% 840-18,000
Activated sludge 100% 0.11-665
Surface water 100% 0.036-4.3
Groundwater 83% 0.009-1.11
Drinking water 100% 0.03-0.116
Soil 100% 0.9-671.5

SMX shows ecotoxicity in the environment as disturbing structures and functions of
environmental bacteria, most research on ecotoxicity of SMX was conducted under
environmentally relevant concentrations and subtherapeutic concentrations. Toxicity of SMX
under low concentrations (1-2 pg L!) was reported in various studies, only 1.27 pg L' SMX
altered community structures of groundwater bacterial enrichment and inhibited nitrate
reduction capabilities,>* besides, 2 ng L' SMX changed bacterial population of suspended and
granular sludge after 2 months exposure, whereas the 2 ug L' SMX did not suppress the
treatment performance of both sludge.> Under higher tested SMX concentrations (0.25-50
mg L"), within the range of subtherapeutic concentrations and concentrations detected in
highly contaminated hotpots like pharmaceutical manufactory and manure, significant shifts of
indigenous soil bacteria were reported with reduction of sensitive species*® and also nitrogen
metabolism in the bacterial community was affected.’’” SMX residues also promote the
development and dissemination of ARGs on the environmental dimension, showing synergistic
effects combined with other contaminants.’®%° Also, low concentrations of SMX in effluents
of wastewater treatment plants enriched antibiotic resistant bacteria in the downstream

waterbodies, compared to the levels of unaffected upstream.®!
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1.2.4 Main transformation products in the environment and their toxicity

Apart from SMX, various transformation products and human metabolites of SMX were
frequently detected in the environment,®>% among which mainly three modification types were
reported: derivatization, conjugation and bond cleavage (Table 2). Derivatization and
conjugation predominantly occur on N* and N’. N*-acetyl-SMX and N?-glucuronide-SMX are
the two major human metabolites excreted into the environment, and they can be re-converted
to SMX in wastewater treatment plants, resulting in an increase of SMX concentrations in

64,65

effluents. Similarly, pterin-conjugates formed in wastewater treatment plants lead to

reversible generation of SMX in the environment.®

Transformation products modified at the
para amino group still have antibacterial effects, especially 4-NO:z- and 4-OH-SMX even show
higher antibacterial activity than SMX. In contrast, N*-acetyl- and N*-hydroxy-acetyl-SMX
exhibit much less toxicity than SMX. Breakdown products via bond cleavage always lose their
biological activities.®> The structure of R’ in Table 2 represents the key structure of SMX

(Figure 4).

Figure 4. Structure of R’ described in Table 2 representing the key structure of SMX.
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Table 2. Structures of main SMX transformation products and human metabolites. This is a modified table from

literature®? %3 . Note that N’- means the modification is attached on the amine group at the position 4 of SMX, and
group p

4- means the amine group at the position 4 of SMX is substituted by other functional groups.

Derivative/Conjugative products (R =)

Breakdown products

SMX

4-hydroxy-SMX Sulfanilamide ﬁ
—OH NH?AO—S——NH:
I
4-nitroso-SMX 3-amino-5- .
—N methylisoxazole
\\0 N / \
\O
4-nitro-SMX 0 Sulfanilic acid
O
h— MH, 5—0H
\ ﬂ
N4-hydroxy-SMX Benzensulfonamide
OH i
§—NH,
——NH !!
N4-acetyl-SMX —NH Aniline
>: 0 NH:@
HsC
N4-hydroxy-acetyl- N

N4-Glucuronide-SMX

N4-Glucoside-SMX

HO.

HO

N4-Pterin-SMX
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1.2.5 Removal of SMX in the environment

Removal of SMX in the environment under aerobic and anaerobic conditions were investigated
in various studies.?”*”%® In aerobic environmental compartments, fast attenuation of SMX was
reported in soil and surface water microcosm.®”-% In wastewater treatment plants, elimination
of SMX was observed in biological treatments using different techniques, including
conventional activated sludge systems, fixed-bed reactors and membrane reactors.’”®’! Besides,
mixed cultures and pure strains aerobically degrading SMX were enriched and isolated from
environmental samples.”> Even though anaerobic transformation is considered to be slower
than aerobic degradation, removal of SMX under anaerobic conditions was also observed and
reported in literature. Incubation experiments showed that river sediment not only removed
SMX, but also two major human metabolites of SMX (N*-acetyl-SMX and N’-glucuronide-
SMX). Besides, transformation of SMX was detected in other anaerobic compartments like

groundwater and during anaerobic processes like bank filtration.”*"">

The main factors affecting the transformation of SMX in the environment are: 1) initial
concentrations of SMX, as no degradation process could happen if SMX concentration is below
the threshold for induction of transformation related genes, while longer lag phase is needed if
SMX concentration exceeds inhibition level; 2) functions and structures of microbial
communities in the environment, e.g. it was reported that in a wastewater treatment plant
digester sludge had much higher anaerobic SMX transformation activity than that of effluent;’®
3) presence of other carbon sources, transformation of SMX could be boosted if additional
carbon sources induce cometabolism, whereas transformation is suppressed if the additional

carbon sources have higher priority than SMX;”” 4) physical conditions of the system.”® Thus,

microbial related factors primarily caused discrepancies of SMX’s fates in different scenarios.

1.3  Microbial transformation and degradation of SMX

Almost every naturally occurring substance and many synthetic xenobiotics can be converted
by some specific groups of bacteria.”® Based on changes occurring on structures of substance,
four fundamental terms are used in microbiology to describe the fate of contaminants:
transformation, degradation, assimilation and mineralization. The main difference between
transformation and degradation is whether the compound is cleaved to smaller moieties. The
pair assimilation/mineralization refers to the fact whether the compound’s atoms are

incorporated into microbial biomass or released as mineral forms. There are overlaps between
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these two pairs of terminology, in this dissertation these terms will be used based on the

definition and aspects I would like to emphasize on.

Transformation: A—> A variant, modification without breakdown

Degradation: A—>B+C, cleaved to smaller moieties

Assimilation: A—> microbial biomass

Mineralization: A—> CO2 or CH4, NH3

1.3.1 Microbial metabolic and cometabolic process for removal of SMX

Degradation/transformation of contaminants by bacteria can be metabolic processes,
cometabolic processes, and microbially mediated abiotic processes. Bacteria use contaminants
as sole energy source (electron acceptor or electron donor) or/and carbon source in metabolic
processes, as bacteria can obtain carbon, energy and reducing equivalents via metabolic
processes to live and reproduce. In contrast, in cometabolic processes bacteria simultaneously
degrade two compounds and the degradation of the second compound relies on the presence of
the first compound, meaning the second compound is not a growth supporting substrate. In a
microbially mediated abiotic process, contaminants chemically react with metabolites released
by bacteria. The main difference between metabolic degradation/transformation of
contaminants and cometabolic degradation/transformation of contaminants is whether bacteria

can take up contaminants and transform them to metabolically useful compounds.

SMX was reported to be degraded or transformed in metabolic processes, cometabolic
processes, and microbially mediated abiotic processes.”®? All metabolic processes for SMX
degradation were reported under aerobic conditions, flavin-dependent monooxygenases were
proposed to be responsible for the degradation and present in aerobic SMX-degrading cultures.
Besides, cometabolic processes were reported under both aerobic and anaerobic conditions,
especially in complex environmental compartments, removal of SMX was enhanced by
addition of cosubstrates including glucose, humic acid, acetate and methanol.?¢77.508 Both
metabolic and cometabolic processes for removal of contaminants have potentials for

bioremediation but with different strategies (e.g. add cosubstrates or not).8%3



Introduction

1.3.2 Biodegradability of SMX

As elimination of SMX by routine wastewater treatment is not efficient causing prevalence of
SMX in the environment, SMX was considered as a recalcitrant contaminants by some
researchers.®® Therefore, biodegradability of SMX was evaluated by defined standard tests in
previous studies. The well accepted biodegradability test is OECD (Organization for Economic
Co-operation and Development) closed bottle test (OECD 301) based on aerobic respiration
with organic compounds, in which oxygen consumption or carbon dioxide evolution is
measured to estimate the degradation levels of tested compounds by acclimated bacteria. The
acclimated bacteria could be derived from activated sludge, sewage effluents, surface waters
and soils but without strict selecting rules. According to the OECD test, compounds are defined
as readily degradable if the degradation levels exceed 60% based on initially amended
compounds within 10 days after 10% degradation is reached.®” Meanwhile, anaerobic
degradability of compounds is also investigated based on production of carbon dioxide and

methane in a digester system (OECD 311 or ISO 11734).83:89

SMX was found not to be aerobically readily degradable as a sole carbon source by using
OECD 301 closed bottle test, and only low degradation was observed after a defined incubation
period of 28 days.”*®? Besides, an anaerobic test (ISO 11734) also showed poor anaerobic
degradability of SMX.* Even though SMX is not readily degradable under both aerobic and
anaerobic conditions according to the standard tests, still fast microbial degradation and
transformation of SMX under aerobic and anaerobic conditions were reported in both natural
and engineered systems.®*”2 Thus, the biodegradability of SMX revealed by standard tests
was biased by the selected acclimated bacteria and analysis methods, for example fermentation
of SMX to small organic acids could not be detected by measuring evolution of carbon dioxide
or methane, similarly, transformation of SMX could also not be detected by only measuring
gas evolution. Therefore, anaerobic transformation and fermentation of SMX are overlooked
by standard biodegradability tests, and instructions for selecting acclimated bacteria are

ambiguous which resulted in discrepancies in different studies.
1.3.3 Aerobic degradation of SMX

Even though SMX is not aerobically readily biodegradable based on standard biodegradability
tests, still wide ranges of bacteria were identified as SMX-degraders in various studies.

Enrichment cultivation and isolation were widely used to identify key players from

10
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environmental samples, mainly from activated sludge and bioreactors (Table 3). SMX
concentrations range from 6 mg L to 2,530 mg L in the tested SMX-degrading cultures
(Table 3), which is higher than the detected environmental concentrations (Table 1). The
reported SMX-degrading cultures can degrade and mineralize SMX, SMX either acted as sole
carbon source or/and sole nitrogen source, or was cometabolized with cosubstrates like glucose
(Table 3). The removal percentage of SMX ranged from 20% to 100% in the reported SMX-
degrading cultures (Table 3). Apart from enrichment cultivation and isolation, population
analysis of SMX-degrading communities was also applied to postulate SMX-degraders (Table
4), but the evidence is not strong enough for the proposed SMX-degraders, as the community

shift caused by SMX could also be attributed to resistance of SMX.

11
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Table 3. SMX-degrading bacteria in enrichment cultures or isolates

Taxa of cultures

Sources of inoculum

Initial concentration of SMX and
conditions of enrichment

cultivation

Removal type

Removal percentage and rate

References

Microbacterium sp.,
Rhodococcus sp.,
Achromobacter sp.,

Ralstonia sp.

1.5 liter MBR
continuously operating
for 10 months with 100
pg L of SMX

Initial concentration of
mineralization test was not
mentioned;

0.5 mM (126.5 mg L") SMX in
the mineral salts medium and

subculture each month

Mineralization

Microbacterium sp.: 40% ,
Rhodococcus sp.: 35%,
Achromobacter sp.: 41%.,
Ralstonia sp.: 44%,
mineralization occurred after

300 hours incubation

93

Acinetobacter sp.

Activated sludge from a

5-240 mg L SMX, 25°C

Degradation and

100% degradation within 1-7

94

psychrophila (cold-

adapted bacterium)

Harbin Taiping
municipal wastewater

treatment plant

Enrich in mineral salts medium
containing 100 mg L' SMX for

two months

as sole carbon
source and energy

source)

hours at 10°C

wastewater treatment and pH=7.0. mineralization hours and 95% mineralization
plant in Beijing Inoculum on solid medium within 48 hours
containing 50 mg L' SMX,
transfer the colonies to liquid
medium containing 200 mg L"!
SMX
Pseudomonas Activated sludge froma | 100 mg L SMX; Degradation (SMX | 34.3% degradation after 192 7

12
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Rhodococcus Pure strains bought from | 40 mg L' SMX Degradation, co- 20% degradation after 36 days | %
rhodochrous American Type Culture metabolism with incubation
Collection (ATCC) glucose, cannot
grow on SMX
Rhodococcus equi, Pure strains obtained 6 mg L' SMX Degradation, co- 29% removal with glucose for | 72

Pseudomonas.
aeruginosa (only
5.6% removal but

metabolite was

from Cedarlane® Canada

metabolism with

glucose

R. equi after 120 h, when
mixed with other organisms

the removal was 5%

detected)
Achromobacter Activated sludge froma | 0.6-10 mM (152.0-2532.8 mg L!) | Degradation, SMX | 99% (0.6 mM after 6 days, 5 95
Denitrificans wastewater treatment SMX, as sole carbon, mM after 103 days and 10 mM

plant

Enrich in medium containing 250
mg L' SMX and 1 g L yeast

extract.

nitrogen and

energy source

after 188 days)

Pseudomonas sp.,
Brevundimonas sp.,
Variovorax sp.,

Microbacterium sp.

SMX-acclimated

activated sludge

10 mg L!

Degradation, SMX
as sole carbon and

nitrogen source

Pseudomonas sp: 56.5%-
97.7%, Brevundimonas
sp.:100% , Variovorax sp.:
64.7%, Microbacterium sp.:
100% after 10 days

96
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Shewanella sp.

Pure strains provided by
the Soil Microbiology

Laboratory of Northwest
Agriculture and Forestry

University

10 mg L!

Degradation

59.88-63.89% was removed

after 5 days incubation

97
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Table 4. SMX-degrading bacteria in environmental samples or reactors revealed by population analysis

petroleiphilum sp.

activated sludge from
municipal wastewater

treatment plants and

Taxa of cultures Description of environmental | Initial concentration of | Degradation type | Removal percentage References
samples or reactors SMX and conditions

in the system
Bacillus  firmus, | Water-sediment system in a | 1-100 mg L, the | Cometabolism 82.9% at 25°C within 35 days | %
Bacillus cereus natural river degradation is incubation, 90.1% with 30 mg
(prevalent resistant concentration L' humic acid within 35 days
bacteria in the independent, addition
system) of humic acid facilitate

the removal of SMX in

water
Rhodopirellula Biofilm in an internal loop 10-120 mg L' Degradation 20%-100% degradation within | *8
baltica and | photobiodegradation reactor. 8 hours with addition of
Methylibium Inoculum for the reactor was nitrogen source

acclimated with SMX
Acinetobacter, Sewage sludge from a|20 mg L, sludge in | Degradation and | 99% removal after 45 days |
Alcaligenes, wastewater treatment plant in | bioreactor ~with  or | mineralization incubation
Brevundimonas Taipei without spent
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and Pseudomonas

sp.

mushroom
and

mixture

compost

soil-sludge
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The general principle of aerobic degradation depends on oxidation via oxygenase for
destructuring structures of compounds. For SMX, and also for other sulfonamides, the
breakdown of C-S bond, S-N bond and N-C bond was widely reported during microbial aerobic
degradation (Figure 5).7%4190-192 The initial attack is accomplished by hydrolysis at different
sites of SMX (Figure 5), among which attacking at aromatic ring was confirmed by Ricken et.
al as ipso-hydrolysis pathway.!” Detected degradation products were mainly the aromatic
moiety (aniline, sulfanilamide and sulfanilic acid) and the isoxazole moiety (3-amino-5-
methylisoxazole). It is considered that the aromatic products could further undergo
mineralization steps while the isoxazole moiety is released into the environments as a dead-
end product.”®**190-192° Aerobic degradation of SMX by Microbacterium sp. was well studied,
both Ricken and Kim proposed that FMNH:2-dependent monooxygenases initiated SMX
degradation, as upregulation of flavin-dependent monooxygenase and flavin reductase were
observed in response to SMX, and further expression of these two enzymes in E. coli increased

its resistance level to SMX, 100,102,103

Other proteomics analysis also proposed enzyme
candidates responsible for SMX degradation, for example, urethanase which hydrolyze N-
acetylated compounds like anilides and N-acetyl-phenyl-ethylamine hydrolase could cause the

generation of 4-OH-SMX.”?

Hydrolysis Hydrolysis

\k ”L NH
7

Hyd ro|y5|5 N

Figure 5. Initial attacking sites on SMX by aerobic degraders via hydrolysis.
1.3.4 Anaerobic transformation of SMX

Anaerobic transformation has high potentials to treat aerobically recalcitrant compounds.?*
Conditions with different electron acceptors are classified as anoxic or anaerobic regarding
redox potentials: denitrification>manganese reduction>iron reduction (anoxic)>sulfate
reduction (anaerobic) >methanogenesis (Figure 6). Anaerobic/anoxic transformation of
organic contaminants are widely observed under manganese/iron reducing, sulfate-reducing,
methanogenic, and nitrate reducing conditions.!®* These redox gradients are nicely presented
in natural environments like soil-aquifers and bank filtration, and constructed vertical wetlands

(column experiments). Behavior of SMX in natural soil-aquifer showed that SMX was
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sensitive to redox conditions and better removed under lower redox potentials, in the layer
where iron reduction prevailed high degradation of SMX (> 50%) was observed, while in the
denitrifying layer with significantly higher redox potentials no degradation of SMX was
detected.'® The similar results were reported in various bank filtration studies, showing that
the removal of SMX under anaerobic or strictly anaerobic conditions was higher than that under
aerobic and denitrifying conditions.!%!% However, contradictory results were also reported:
a long-term column experiment showed that degradation of SMX in the aerobic layer (half-life:
1-9 days) was faster than that in the anaerobic layer (half-life: 16 days), and the slowest
degradation of SMX was observed in the anoxic layer (half-life: 49 days).” Even though there
exist discrepancies on SMX degradation under different redox conditions especially under
aerobic conditions, preferential degradation of SMX under low redox potentials (lower than
denitrifying) was always reported in both natural and laboratory-scale systems.

€0,, Ny, N,O, NH,, H,S, CH,

A

Aerobic respiration C "9 loxic zone
Eh> +100 mV o, )
o " N,O,N, ¥
Denitrification C i
Eh=0 to +100 mV NO;

Manganese reduction ~ M )
- Anoxic zone
n

Eh=0 to +100 mV
Iron reduction C Fe?
Fe

Eh=+100 mV to -100 mV

H H,S .
Sulfate reduction C 2 Anaerobic zone
Eh=-100 mV to -300 mV

Methanogenesis C

Eh< -300 mV

Figure 6. Redox potentials of various conditions with different electron acceptors.!%

Laboratory-scale incubation tests further revealed that anaerobic samples harbored strong
potentials to fast and efficiently eliminate SMX when electron acceptors (bicarbonate, sulfate
and nitrate) were added.” Anaerobic transformation of SMX under denitrifying and iron
reducing conditions was investigated and proposed as microbially mediated abiotic process.
Under denitrifying conditions, generated nitrite from nitrate reducing bacteria reacts with SMX
to form 4-nitro-SMX, and 4-nitro-SMX can reversibly produce SMX which could contribute
82,109,110

to contradictory results mentioned above under anaerobic conditions. Similar
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interaction between SMX and nitrite was also observed with the presence of ammonia
oxidizing bacteria, 4-nitro SMX, desamino-SMX and N*-acetyl-SMX were detected as
transformation products.?! Besides, in soil under iron reducing conditions rapid transformation
of SMX was attributed to interaction between SMX and Fe(II) generated from iron reducing
bacteria, the transformation products were identified as modification of the isoxazole ring of
SMX.!"!! Similarly, in a sulfate-reducing bioreactor spiked with SMX, the SMX transformation
products with modified isoxazole moiety were also detected,!'? the fact indicated that sulfate-
reducing bacteria could play a role in anaerobic transformation of SMX. In summary, anaerobic
conditions with low redox potentials were reported to be suitable for SMX transformation,

while relevant key players and transformation pathways were not investigated and identified.

1.4  Physiology of the sulfate-reducing bacteria and Desulfovibrio vulgaris
Hildenborough

1.4.1 Distribution of sulfate-reducing bacteria in natural and engineered systems

Sulfate is one of the most abundant anions in natural water bodies,'"3

especially ubiquitous in
groundwater and seawater. Geochemical recycling of sulfur contributes to redox distribution
in many environmental compartments. Sulfate-reducing bacteria (SRB) distribute widely in
both natural environment and engineered systems, including marine sediment, rice field, deep-

sea hydrothermal vents, oil fields environments and so on.!'4116

SRB have successfully
adapted to almost all the ecosystems by being phylogenetically and metabolically versatile. In
subsurface environment sulfate-reducing zones and methanogenic zones are generated based
on competition for acetate and H2.!'7 Additional organic electron donors can support diverse

SRB in reactors to treat metal- and sulfate-containing wastewater.''®
1.4.2 Metabolism of SRB

Dissimilatory sulfate reduction is a widely present and well-studied central metabolic process
in SRB. The process is comprised of several activation and reduction steps in cytoplasm for
energy conservation (Figure 7). Sulfate is energetically stable and need to be first activated by
sulfate adenylyl transferase (Sat) and ATP to adenosine 5’-phosphosulfate (APS). APS is
metabolically active and can be reduced to sulfite by APS reductase (AprBA), further reduction
of sulfite to DsrC trisulfide is catalyzed by DsrAB/DsrC, and the final step is reduction of the
DsrC trisulfide to sulfide and reduced DsrC by the membrane-bound DsrMKJOP complex
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(Figure 7).!" The four electrons in the last step of sulfite reduction is likely to originate from
the menaquinol pool, which could couple proton gradient across the membrane with sulfite
reduction and energy conservation.'!' In the dissimilatory sulfate reduction, a net energetic
benefit is obtained due to more ATP is generated via ATPase than that is used to activate sulfate

to APS. Apart from sulfate, nitrate and other forms of sulfur including organic sulfur can also

B 120,121

be utilized as alternative electron acceptors by SR Besides, formate cycling was

proposed to be also important for SRB’s energy conservation.'??

ATP PP
2 ;A, 2e 2 _2 il p DsrC de S
- — o H _
S04 Sat APS AprBA 503 DsrAB  Trisulfide DsrMKIOP
(Adenosine 5’ +AMP /DsrC +DsrC
phosphosulfate})

Figure 7. Dissimilatory sulfate reduction mechanism in SRB

SRB can oxidize wide ranges of organic compounds including amino acids (e.g. glycine,
serine), sugars (e.g. fructose, glucose), monocarboxylic acids (e.g. acetate, propionate,
butyrate), dicarboxylic acids (e.g. fumarate, succinate, malate), alcohols (e.g. methanol,

ethanol), and aromatic compounds (e.g. benzoate, phenol) as electron donors, 23124

indicating
versatile metabolic potentials of SRB. Some SRB are lithotrophic and can use hydrogen gas or
phosphite (e.g. Desulfotignum phosphitoxidans) as electron donors.'?® Besides, another group
of SRB (e.g. Desulfovibrio sulfodismutans, Desulfocapsa thiozymogenes, Desulfocapsa
sulfoexigens) can disproportionate sulfur compounds to conserve energy, such as elemental

sulfur (So), sulfite (SO2) or thiosulfate (S202) can be used as electron donor and electron

acceptor simultaneously and split into hydrogen sulfide and sulfate.!?

D. vulgaris Hildenborough is a type strain of SRB with completely sequenced genome.'?’
Energy conservation by D. vulgaris linking electron flow from lactate oxidation to sulfate
reduction is extensively investigated, as grown with lactate as an electron and carbon source
provides robust proliferation of D. vulgaris. Instead of mineralization, D. vulgaris can only
incompletely oxidize lactate to acetate stoichiometrically. Primary oxidation of lactate occurs
in the cytoplasm of D. vulgaris, lactate is mainly converted to pyruvate by a membrane-bound
lactate dehydrogenase delivering electrons directly to the membrane menaquinone pool;
secondly, decarboxylation of pyruvate is catalyzed by pyruvate dehydrogenase; and then
acetyl-CoA is subsequently converted to CoA and acetate.'”® Like other SRB, D. vulgaris is

metabolically versatile, reflected by the presence of multiple energy conservation associated
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proteins, for example, periplasmic hydrogenases ([Fe]-, [NiFe]-, [NiFeSe] hydrogenases),'?’
membrane-bound electron-transferring complexes (e.g. Dsr, Qmo, Hme, Tmc, Rnf, etc.)'?’ and
electron carriers (e.g. cytochromes, ferredoxin, etc.).!?*!*° D. vulgaris contains various c-type
cytochromes creating a vast network of interconnected hemes for intermolecular electron
transfer and storage, as this network could provide electrical wiring for connecting multiple
periplasmic redox proteins and also serve as a storage for low-potential electrons.!’!
Furthermore, it is reported that the electrons stored in cytochrome network can be used for

external reduction, for example reduction of toxic metals Cr(VI) and U(VI).!3%134
1.4.3 The role of SRB in bioremediation of xenobiotics

SRB have a large spectrum of energy source, enabling them to use complex organic molecules
as electron donors or electron acceptors. Besides, SRB play an important role in immobilization
of toxic metals including precipitation as metal sulfides and reduction of toxic metals. Large
amounts of organic contaminants were reported to be oxidized by SRB as electron donors,
among these are monoaromatic hydrocarbons like benzene, toluene, ethylbenzene and xylene

135,136

from petroleum contamination, polycyclic aromatic hydrocarbons like naphthalene and

137.138 and alkanes.!*° The activation steps in transformation process were reported

anthracene,
as 1) carboxylation, 2) fumarate addition, 3) hydroxylation, 4) methylation.'*>14-142 Besides,
SRB have the capacity for reductive dehalogenation and also play a role in reduction of azo
dyes by generated sulfide.!**!* Apart from organic compounds, generated sulfide by SRB can
also precipitate various toxic metals for detoxification.'*® Reduction of toxic metals including
uranium, arsenic and chromium can also be achieved enzymatically by SRB,!*6-14® and proteins
associated with metal reduction were proposed as cytochromes, hydrogenase and

ferredoxin.'3%14°

1.5 Experimental approaches

In addition to conventional cultivation methodology, we also applied cutting-edge
microbiological technology to investigate microbial degradation of SMX under aerobic and
anaerobic conditions, especially for non-cultivable bacteria, and evaluating attenuation of SMX
in the environment. Laboratory-scale cultivation is the most straightforward method to study
bacteria of interest, active mixed cultures and pure strains can be cultivated in defined chemical
medium for various research aims. Cultivation was widely applied in environmental

microbiology for decades to enrich and isolate key players responsible for biotransformation
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processes.'1%%  However, more and more research revealed that large amounts of non-
cultivable environmental bacteria overlooked by current cultivation technology played key
roles in various scenario,'>! therefore, development of cultivation-independent approaches is
essential. Apart from identification of key players by means of cultivation and cultivation-
independent approaches, we also need other specific and robust experimental approaches to
better understand the mechanism of the microbial process and further evaluate the process on

the environmental dimension.
Enrichment cultivation and isolation

Enrichment cultivation is a conventional method for screening functional bacteria, by means
of using chemically defined medium with target substrates to enrich bacteria preferentially
relying on the substrate. Even though enrichment cultivation is a low-throughput method for
identification of functional bacteria in the environment compared to molecular methods, it can
be used to confirm functions of the selected bacteria, which is more precise than the predictions
based on database, furthermore, new functions and new bacteria identified from enrichment
cultivation are also used to update database. Both batch cultures and reactors are widely used
in enrichment cultivation, especially in the research on degradation of micropollutant and
removal of nitrogen.’*!>* In most cases, mixed cultures containing key players as dominant
bacteria are achieved from enrichment cultivation, further isolation steps could be applied to
obtain a functional pure strain, among which the most common technique is series dilution on
the surface (aerobic bacteria) of or in (anaerobic bacteria) the solid medium,”®!°! besides, other
sorting techniques like flow-cytometry and atomic force microscope also show high potentials

in isolation. 3156

Stable isotope probing (SIP)

SIP as a cultivation-independent method complements enrichment cultivation for identification
of uncultivable bacteria from the environment. SIP can provide direct evidence for the
involvement of specific microbial populations under more natural conditions without
cultivation, if the bacteria can assimilate carbon or nitrogen from the labeled substrate.!>”:13
In SIP approaches microorganisms are cultivated with an isotopically labeled substrate (only
with stable isotopes) and molecules with phylogenetic information such as DNA (DNA-
SIP),!* RNA (RNA-SIP)!%’ or proteins (protein-SIP)!*® are analyzed for the integration of

heavy stable isotopes to identify assimilation of the substrate. Labeled nucleic acids can be

physically separated in density gradients via ultracentrifugation,”” and the metabolic
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incorporation into proteins can be identified by mass spectrometry'®:'2 In protein-SIP studies
two values are often described assuming that each protein is present in a labeled and an
unlabeled state: the abundance of '*C isotopes in the labeled version of a given protein, X('*C)cp
("Relative Isotope Abundance-RIA" from MetaProSIP), and the abundance of the labeled
version of a protein among the sum of the labeled and unlabeled version of this protein, X(LP)sp
("Labeling Ratio-LR" from MetaProSIP).!%%:1®* Isotopically labeled proteins and nucleotides
contain taxonomic information of key players. Apart from the taxonomic affiliation of active
microbial members of a consortium, SIP can also elucidate metabolic pathways when stable
isotope incorporation is traced into proteins with annotated functions.!619316¢ Protein-SIP can
detect much lower relative isotope abundance than nucleotide SIP.'*® All sequences identified
in nucleotide-SIP can be phylogenetically evaluated, e.g., by using BLAST, whereas in protein-
SIP proteins can only be identified if the encoding genes were previously determined by a
metagenomic approach.!'¢”:1% Therefore, DNA- and protein-SIP have different advantages and

their results can be complementary.
Intact-cell activity assay

Intact-cell activity assay is used in the study of bacteria-catalyzed process to investigate
biochemical mechanisms and evaluate the activity of the process in the environment. In
biochemical experiments, an established biochemical enzyme activity test can be used to isolate
enzymes responsible for the activity and search for the encoding genes in the genome, e.g.
dehalogenation enzyme activity test, which was working well in identification of a multi-
protein reductive dehalogenase complex in Dehalococooides mccartyi CBDB1.' Besides,
activity assay related to biogeochemical process played important roles in ecological research,
for example, denitrification enzyme activity assay was used to measure how environmental
factors drive the shift of denitrification potentials.'”® In our study, intact-cell activity assay can
be established to investigate how bacteria transform SMX and identify related key factors

influencing the transformation process.
Compound-specific-isotope-analysis (CSIA)

CSIA has become a robust method to assess natural attenuation of contaminants in the
environment,'”! tracing in-situ biodegradation in fields over time or spatially. This method
utilizes slightly different reaction kinetics of isotopologues in the first rate-limiting steps where
bond cleavage/transformation occurs (compounds that have a lighter isotope at the reactive

position may react faster). This slight preferential transformation of lighter isotopologues can
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be precisely measured by isotope ratio mass spectrometry (IRMS), in which compounds are
separated by GC (GC-IRMS) or HPLC (HPLC-IRMS) and online converted into a simple
analyte gas (e.g. CO2 or H2) for isotope composition analysis. The extent of isotope
fractionation for degradation of contaminants can be quantified by using the Rayleigh equation
and expressed as isotope enrichment factor (€). Pronounced isotope fractionation was observed
in selected enzymatic reactions and abiotic transformation (e.g. photolysis). ).*>!”> Also often
differences between aerobic and anaerobic transformation were identified by CSIA for many

173,174

compounds including hydrocarbons, chlorobenzenes!” and chlordecone,!’® as distinct

isotope fractionations were observed in the activation steps for these transformation process.

A recent application of CSIA for emerging micropollutant bromoxynil'”’

was reported, where
nitrogen fractionation was much larger in the aerobic degradation compared to anaerobic
transformation. The isotope fractionation data obtained from lab model strains with known
transformation pathways can be applied in field studies to characterize the in-situ

biodegradation.'”

However, isotope fractionation in biological systems can be influenced by cellular mass
transfer, as cross-membrane transfer as rate-limiting step prior to bond cleavage mask the real
extend of isotope effects in the reaction.!’>!%° In order to overcome these masking effects,
multi-element isotope fractionation concepts (e.g. C, H) were developed relying on lambda (A1)
values expressing the slope of changing hydrogen and carbon isotope signatures during

biodegradation.!”8:181.182

Previously, method for carbon isotope analysis of SMX was
established on HPLC-IRMS, whereas by applying this method other elements like H, N and S
cannot be detected.'® Hence, carbon isotope fractionation of SMX by microbial aerobic
degradation, photolysis and oxidation was investigated, showing low to moderate isotope
effects.>®44  To our best knowledge, no data on isotope fractionation for anaerobic

transformation of SMX is available. Furthermore, two-dimensional isotope fractionation of

SMX during transformation process are also not available.

1.6 Aim of the study

This study focused on microbial degradation and transformation of SMX under aerobic and
anaerobic conditions. Environmental samples from hotspots including pig-farm impacted soil,
digester sludge from a wastewater treatment plant and sediment from a constructed wetland
were taken as representative aerobic and anaerobic samples, high concentrations of SMX were

detected in the above mentioned samples, posing risk on development and dissemination of
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ARGs and antibiotic resistant bacteria. We aimed to identify key players responsible for
aerobic degradation and anaerobic transformation of SMX, filling the knowledge gaps that in-
situ aerobic SMX-degraders especially non-cultivable bacteria were not thoroughly
investigated, and potentials of anaerobic bacteria on transformation of SMX were previously
overlooked. Therefore, in-situ aerobic SMX-degraders in pig-farm impacted soil were
identified by means of DNA- and protein-SIP, and anaerobic SMX-transforming cultures were
enriched from digester sludge and sediment. Upon the obtainment of anaerobic SMX-
transforming cultures, we tried to characterize the transformation process and explore the
transformation mechanisms. Furthermore, carbon and hydrogen isotope fractionation during
anaerobic transformation of SMX were investigated in laboratory-scale by means of CSIA,
attenuation of SMX in the environment could be assessed with the distinct laboratory-scale
fractionation data. Together the research gave insight into removal of SMX by microbial

activities and provided theoretical support for bioremediation of SMX in the environment.
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2 Materials and Methods

2.1  Chemicals

SMX (4-amino-N-(5-methyl-1,2-oxazol-3-yl)benzenesulfonamide), BC-benzyl-SMX,
sulfanilic acid and sulfanilamide were purchased from Sigma-Aldrich at analytical quality.
Methanol and formic acid used for UPLC mobile phases were of HPLC grade. All other
chemicals used for culture media were obtained from Merck with a purity of at least 98%.

Chemicals used in our study were reagent level and above.

2.2 Collection and pre-treatment of environmental samples and pure strains
2.2.1 Pig-farm impacted soil

Surface soils (0-15 cm) were collected from a vegetable garden in Xiamen, Fujian Province,
China, which had been regularly irrigated with effluents from a pig farm containing veterinary
antibiotics. Soil samples were immediately transferred to the laboratory and air-dried at room
temperature. The air-dried soil was thoroughly mixed and sieved through a 2 mm mesh to
remove plant debris and stones. Soils were moistened with sterile water to adapt to the original
humidity and incubated at 30°C in the dark for two weeks to activate the soil microorganisms.

No further substrates were added for this incubation.
2.2.2 Anaerobic samples for enrichment cultivation

Two anaerobic samples from antibiotic hotspots were collected as inocula for establishment of
SMX-transforming cultures. One is sediment from a constructed wetland treating
pharmaceutical containing waste water (Institute of urban environment, Chinese Academy of
Sciences, Xiamen), and another one is digester sludge from a municipal waste water treatment
plant (Xiamen, China). Besides, the sediment from the constructed wetland and another
digester sludge taken from biogas reactor in Chinese Academy of Agricultural Sciences,
Beijing, China were used for enrichment of sulfanilamide/sulfanilic acid-transforming cultures.
All samples were stored in 50 mL sterile Falcon tubes (Fisher Scientific, USA) without

headspace at 4°C until subsequent operation.
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2.2.3 Pure strains

D. vulgaris Hildenborough (DSMZ No. 644) was obtained from German Collection of

Microorganisms and Cell Cultures (DSMZ) as a freeze-dried strain.

2.3  Establishment of enrichment cultures and cultivation of pure strains
2.3.1 Establishment of aerobic SMX-degrading cultures from pig-farm impacted soil

One gram of the pig-farm impacted soil (described in 2.2.1) was transferred to 40 mL SMX
containing medium (Table S) to enrich aerobic SMX-degrading cultures. The medium for
enrichment cultivation was comprised of mineral salts, trace elements (Table 6) and vitamin
mixture (Vit10, Table 7). Either (NH4)2SO4 or NaNO3 was provided as nitrogen source (Table
5). SMX was added from acetone stock solution accordingly and the final concentrations of
SMX in the medium ranged from 350 nM to 200 uM. All the cultivation bottles were closed
with cotton septum and incubated on shakers at 250 rpm for the access of oxygen. The SMX
concentrations in cultures were monitored via UPLC (described in 2.7.2). The mixed cultures
were transferred every three weeks with 10% inoculum. Overall, five passages were established
and 16S rRNA gene sequencing was done for the fifth passage. Details on DNA extraction
from the cultures and 16S rRNA gene sequencing are described in 2.8.1 and 2.8.2.

Table 5. Components of the medium for enrichment of aerobic SMX-degraders in 1 liter, pH was adjusted to 7.2.

Chemicals Amounts
NaxHPO4 800 mg

KH2PO4 200 mg

MgSO4 - 7TH20 200 mg

CaClz2 -:2H20 100 mg
(NH4)2S04/ NaNO3 1000 mg/640 mg

Trace elements (Table 6) 1 mL 1000% stock
Vitamin mixture (Table 7) 1 mL 1000% stock
SMX Adding accordingly
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Table 6. Components of the 1000x concentrated trace elements in 1 liter, pH was adjusted to 7.0. The solution
was sterilized by autoclaving at 121°C for 20 minutes. Note that the following compounds were dissolved in small
amount of water separately, except that FeCl, was dissolved in 300-500 mL water with nitrilotriacetic acid and

pH was adjusted to 7.0 by adding NaOH.

Chemicals Amounts
ZnClz 70 mg
MnCl2-2H20 80 mg
H3BOs3 6 mg
CoClL2-6H20 190 mg
CuCL2-2H20 2 mg
NiCl2-6H20 24 mg
Na:MoO4-2H20 36 mg
FeClz 2g

Nitrilotriacetic acid 12.8 g

Table 7. Components of the 1000x concentrated vitamin mixture (Vitl0) in 1 liter, pH was adjusted to 7.0. The

solution was sterilized by filtration with 0.2 um filters.

Chemicals Amounts
D(+)Biotin 20 mg
Folic acid 20 mg
Pyridoxine dihydrochloride monohydrate 252 mg
(-)-Riboflavin 50 mg
Thiamine chloride hydrochloride 50 mg
Nicotinic acid 50 mg
Calcium-D(+)-pantothenate 50 mg
p-aminobenzoic acid 50 mg
DL-a-Lipoic acid 50 mg
Vitamin B12 50 mg
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2.3.2 Establishment of anaerobic SMX-transforming cultures from sediment and

digester sludge

Anaerobic sediment from a constructed wetland set up for treatment of pharmaceuticals
including SMX,'®* and digester sludge from wastewater treatment plants with the occurrence
of SMX were used as inocula for enrichments. Defined anaerobic medium (Table 8) containing
mineral salts (Table 9) trace elements (Table 6), vitamin mixture (Table 7), 10 mM NaHCO3
as pH buffer and 0.1% resazurin as a redox indicator was used for enrichment cultivation. 1
mM sulfate or | mM nitrate was added as electron acceptors, or 10 mM NaHCOj3 in the medium
as pH buffer was also used as electron acceptor. The anaerobic medium was prepared by
flushing with N2 for 60 min, and 4 mM cysteine was added as reducing agent (except in nitrate
treatments). One gram of sediment or 1 mL of digester sludge was transferred to 100 mL
anaerobic medium in an anaerobic glovebox (Coy, USA) to establish mixed cultures. The
headspace of cultures was 97% N2 plus 3% H2 from the gas phase in the glovebox. SMX was
added at a final concentration of 700 nM from a 200 uM acetone stock solution. Subculture
were established when half of the added SMX was removed, by transferring a 10% inoculum
to fresh SMX-amended medium, and incubation time for one passage lasted two to three weeks.
After two passages, particle-free cultures were obtained under methanogenic and sulfate-
reducing conditions. All cultures were incubated at 30°C in the dark without shaking. Abiotic
‘no-cell controls’ (NCC) and ‘no-substrate control’ cultures (NSC) were set up in parallel and
stored as mentioned above. Adsorption of SMX to sludge and sediment was examined in
autoclaved biomass treatments (NCC ST and NCC DS) under the same incubation conditions.
Cell density was quantified by cell counting after SYBR-Green staining on agarose-coated

slides using epifluorescence microscopy.'®’

In the following experiments on characterizing sulfate-reducing mixed cultures, the defined
anaerobic medium described in Table 8 was used for cultivation with some modifications
according to the purpose of the experiments. In the results section, we only describe the

modified components in each experiment referring to Table 8.
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Table 8. Components of the defined medium for enrichment of anaerobic SMX-transforming cultures in 1 liter.

All the solutions were sterilized separately.

Chemical/solution Amounts/concentrations
Widdel solution (Table 9)' 20 mL 50x stock

Trace elements (Table 6)! 1 mL 1000x stock
Se/W solution' 1 mL 1000x stock
Vitamin mixture (Table 7)! 1 mL 1000x stock

Resazurin (redox indicator)!  0.25 mL 0.1% stock

NaHCOs (pH buffer)! 10 mM

Reducing agent (cysteine)> 4 mM (except in nitrate treatments)

Electron acceptors? 1 mM K2SO4 or 1 mM KNOs or no additional
Substrate (SMX)? Adding accordingly

'are unchanged components in the medium for different experimental set ups (for different mixed cultures and the
pure strain D. vulgaris Hildenborough).

Zare variable components (reducing agent, electron acceptors, and substrate) can be changed according to the
purpose of experiments).

Table 9. Mineral salts stock solution Widdel solution (50x) to 1 liter.!8¢ The solution was sterilized by autoclaving

at 121°C for 40 minutes.

Chemical Amounts
KH2PO4 10g
NHa4Cl 135¢g
NaCl S0g
MgCL-6 H2O 205 ¢
KClI 26 g

CaCl2’2HO0 75¢

2.3.3 Establishment of sulfonamide/sulfanilic acid-transforming cultures from

digester sludge and sediment

Digester sludge and sediment described in 2.2.2 were used as inocula for establishment of
sulfonamide/sulfanilic acid-transforming cultures. Defined anaerobic medium (Table 8) was

prepared as described in 2.3.2 for enrichment cultivation, but no additional electron acceptors
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or SMX were added in the medium referring to Table 8. Instead, we added 1 mM sulfanilic
acid or 0.5 mM sulfanilamide in the medium from acetone stock solution as electron acceptors.
One gram of sediment or 0.5 mL digester sludge was added in the defined medium in an
anaerobic glovebox (Coy, USA). In addition, 0.3 bar H2 was gassed in the headspace as electron
donor once per week. Samples were taken from each bottle to monitor the concentrations of
sulfanilic acid or sulfanilamide via UPLC, details of the measurement method are described in

2.7.5.
2.3.4 Cultivation of D. vulgaris Hildenborough

D. vulgaris Hildenborough (DSM 644) was obtained from DSMZ as a freeze-dried strain.
Cultivation was done according to DSMZ instructions using Desulfovibrio (Postgate) medium
(DSMZ No. 63). Inoculation was done under anaerobic conditions within a glove box. Cultures
were incubated at 30°C in the dark until the precipitation of black particles (FeS) was observed,
indicating sulfate reduction. The active strain (10% v/v inoculum) was then transferred to the
medium described in Table 8 amended with 1 mM sulfate as electron acceptors and 2 mM
cysteine as reducing agent. Cell growth was monitored via epifluorescence microscopy.'®
When growth was observed, 100 uM SMX was spiked to the medium. We then monitored
SMX concentrations and transformation products in the medium to investigate the role of

Desulfovibrio in anaerobic transformation of SMX in the sulfate-reducing mixed cultures.

To achieve higher cell density and transformation activity, D. vulgaris was then cultivated and
maintained in the defined anaerobic medium (Table 8) with 21 mM sulfate as electron acceptor,
17.8 mM lactate as electron donor and carbon source, and spiked with 100 uM SMX for more

in-depth investigation.

2.4  SIP experiments
2.4.1 Incubation of pig-farm impacted soil with *Cs-SMX

This moistened and activated pig-farm impacted soil (described in 2.2.1) was amended either
with SMX labeled on all six carbon atoms of the phenyl ring (**Cs-SMX) or unlabeled SMX
to a final concentration of 20 mg kg'!. For this amendment we prepared SMX stock solution of
2 g L' with either '*Ce-labeled or unlabeled SMX in acetone and spread 1 mL of the stock
solution to 1 g of dried soil. Then, 1 g of the SMX-amended dry soil was well mixed with 99

g of activated soil. Finally, 10 g of this mixture were distributed to 120 mL brown serum bottles.
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Eight replicate bottles with 2C-SMX, eight replicate bottles with '*C-SMX, and six replicate
bottles without SMX were incubated at 30°C in the dark (in the following referred to as '*C-
SMX, '2C-SMX and control-treatment, respectively). On days 14 and 28, four replicate bottles
of each treatment were sacrificed and the soil was stored at -20°C until DNA and protein were

extracted.
2.4.2 Density gradient fractionation of DNA from stable isotope labeled soil

CsCl density centrifugation was applied for separation of DNA from stable isotope labeled soil.
Approximately 5 pg extracted DNA was applied to a 15 mL sterile plastic screw cap tube
containing 1 mL gradient buffer (0.1 M Tris-HCI, 0.1 M HCI, 1.0 mM EDTA, pH=8.0) and 4.9
mL 7.163 M CsCl solution. The refractive index of the solution was determined with a
refractometer and adjusted to 1.4029+0.0002, equivalent to a density of around 1.725 g mL™".
The solution was transferred to a polyallomer bell-top ultracentrifuge tube and sealed.
Ultracentrifugation was done at 45 000 rpm for 40 h at 20°C (Hitachi CP8OWX, rotor type:
P65VT2). Then the ultracentrifuge tube was smoothly taken out of the instrument and fixed on
a pedestal. A needle connected to a syringe pump was injected into the top part of the tube and
a small hole was pierced to the bottom of the tube. Fractions with different buoyant densities
were retrieved from the bottom by pumping ink-stained sterile water to the top with a flow of
200 pL min''. Each fraction (200 pL) was collected in a 1.5 mL sterile Eppendorf tube and the
buoyant density was measured with a refractometer to confirm the density distribution. Twenty
six fractions were collected and DNA was precipitated from each fraction by adding 400 pL of
polyethylene glycol (PEG6000) solution.'®” Then the pellet was washed with 70% ethanol and
dissolved in Tris-EDTA buffer for subsequent analysis.

2.4.3 Identification of 3C-labled OTUs in DNA-SIP data

We then compared relative OTU abundances in the corresponding density gradient fractions of
the *C-SMX and the '?C-SMX amended microcosms. A "shifted OTU" was defined as an
OTU for which we found different distributions of the relative OTU abundances in the two
SMX treatments. The hypothesis was that OTUs incorporating '*C from SMX would be shifted
from lighter to heavier fractions in the '*C-SMX treatment. The significance of determined
shifts was tested with the G-test'®® algorithm using the “group_significance.py” script in
QIIME (Quantitative Insights Into Microbial Ecology), which compares the ratio of OTU

frequencies in the sample groups according to an extrinsic hypothesis that all sample groups
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have equal OTU frequencies. Benjamini-Hochberg FDR adjusted P-values were used (FDR-P)

for multiple comparisons. '’

2.4.4 Metagenome sequencing and construction of a database for mass spectrometric

protein identification

Total DNA from the original extraction was handed over to Novogene Bioinformatics
Technology (Beijing, China) for shearing and metagenome sequencing on an Illumina Hiseq
2000 platform. From the raw pair-end reads (average of 125 bp) we removed low-quality reads
(quality score below 20), reads with more than 10% ambiguous nucleotides, adapter sequences
and artificial duplications using cutadapt 1.8.1. Filtered reads were assembled using
SOAPdenovo 2.21 and contigs with less than 300 bp were removed. Then the assembly
contained a total of 61,954,654 base pairs organized in 97,370 contigs with an average length
of 636 bp. Open reading frames (ORFs) were identified and annotated using the Metagenomics

O The constructed

Rapid Annotation using Subsystem Technology (MG-RAST) server."”
metagenome-based protein database had a total size of 19.1 million amino acids containing

117,003 ORFs with a mean size of 163 amino acids per ORF.
2.4.5 Protein-SIP analysis

For protein identification we converted mass spectrometric raw-data files to mzML format
using msconvert (ProteoWizard). The OpenMS MetaProSIP tool!** was adopted to calculate
13C incorporation into proteins. For this, unlabeled peptides were identified with the OpenMS
OMSSA search engine and transferred as featureXML-files to MetaProSIP. MetaProSIP used
our translated metagenome database together with centroided mass spectrometric data
containing scans from labeled and unlabeled peptides and compared mz values and charges of
detected features to calculate the relative amount of incorporated *C atoms within each labeled
peptide (denominated in MetaProSIP as RIA). For each peptide RIA a confidence value 'Cor’
is calculated!®® . From the calculated intensities of labeled and non-labeled peaks MetaProSIP
also calculates the relative abundance of the labeled peptides (labeled peptide / (labeled peptide
+ non-labeled peptide), denominated in MetaProSIP as LR). If several peptides of a protein are
found to be labeled MetaProSIP calculates the median RIA for a protein (median relative
abundance of labeled isotopes within a protein) here referred to as X('*C)rp and the median LR

(median relative abundance of a labeled protein forms among all its forms (labeled + non-
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labeled)) here referred to as X(LP)szp. We used VBA (Visual Basic for Applications) scripts to

export MetaProSIP data to Microsoft Excel to proceed with standard spreadsheet analysis.

For each labeled protein we retrieved the encoding gene from the metagenome nucleotide
database. Nucleotide sequences of the identified ORFs were then used for a BLASTn search in
the NCBI nucleotide databases to identify the phylogenetic affiliation and closely related
sequences. We picked the best BLASTn hit to affiliate a phylogenetic origin to the labeled
protein. If a taxonomic family contained at least two labeled proteins with a BLAST score =
200 it was considered as incorporating '*C. Other labeled proteins with BLAST scores = 200
that hit a family for which only this single hit was found, the hits were summarized in the
overarching phylum. Proteins were functionally classified by BLASTp searching the Gene
Ontology protein database.

2.5 Intact-cell activity test for SMX transformation by SRB

Intact-cell activity test with artificial electron donor methyl viologen was established for SMX
transformation by SRB. The test was conducted in closed 2 mL glass vials containing reaction
mix described in Table 10, colorless methyl viologen can be stoichiometrically reduced by
titanium (II) citrate to blue radicals as electron mediators. Either concentrated intact cells or
cell crude extracts were added in the reaction mix under anaerobic conditions, and the closed
vials were incubated at 30°C in the dark until subsequent analysis. Concentrated (50%) intact
cells were harvested via three steps centrifugation at 6000 rcf, and cells were washed by
phosphate buffer before being added to the reaction mix. Cell crude extracts were obtained by
bead-beating for 20 seconds, the procedure was repeated for three times and cooling step was
conducted in between to avoid high temperature, the bead-beating tubes were tightly closed
until they were transferred to glovebox to avoid interference of oxygen on transformation
activities. SMX and transformation products (TPs) in the glass vials were measured on UPLC

described in 2.7.2.
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Table 10. Composition of reaction mix for intact-cell activity test for SMX transformation by SRB

Ingredients Final concentration

Anaerobic sterile water Fill up to the final volume

Potassium phosphate buffer (1 M, pH 6.5) 200 mM

Methyl viologen 1 mM
Ti(III) Citrate I mM
Substrate (SMX in acetone) 50 uM/100 uM

2.6  CSIA experiment
2.6.1 Development of a detection method for SMX on GC-MS

An Agilent 7890 series GC (Agilent Technologies, USA) equipped with a 5975C mass
spectrometer (Agilent Technologies, USA) and a CombiPAL autosampler (CTC Analytics AG,
Switzerland) was used to set up the separation method for SMX. For chromatographic
separation, a Zebron ZB-1 column (60 m x 0.32 mm % 0.25 um; Phenomenex, Germany) with
a constant carrier gas flow of 2.0 mL min™! was used. The temperature program was as set as:
40°C for 5 min, then increase to 330°C at the rate of 10°C/min, and hold for 20 min. The
injector temperatures was tested from 180°C to 260°C in steps of 20 degrees. Samples were

injected in split mode (1:10) with injection volumes of 1 pL.
2.6.2 Analysis of carbon and hydrogen stable isotopes ratios on GC-IRMS

Carbon and hydrogen stable isotope ratios of SMX were measured by GC-IRMS. SMX was
separated via an Agilent 7890 series GC (Agilent Technologies, USA) on a Zebron ZB-1
column using the same temperature program as described for GC-MS analysis, and further
converted to either CO2 or Hz in a GC IsoLink interface (Thermo Fisher, Germany). A

¢ and

combustion reactor was held at 1000°C with a CuO/NiO catalyst for carbon conversion'’
a pyrolysis reactor was held at 1400°C with chromium catalyst for hydrogen conversion.'"!
The combustion reactor or the pyrolysis reactor was connected via a ConFlo IV open split
system to a MAT 253 IRMS (Thermo Fisher, Germany) for carbon or hydrogen isotopes

analysis respectively. Samples were injected into the GC via split/splitless injection mode.

The combustion reactor was oxidized by flushing with Oz after several times analysis. Injection
volumes were 1-5 pL adapting to SMX concentrations in samples. A EuroEA3000 elemental

analyzer (EA, HEK Atech) was used to analyze the bulk stable isotope ratios of SMX.!"? Bulk
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carbon isotope ratios were measured via a combustion reactor converting carbon to CO2, and
hydrogen isotope ratios were measured via a pyrolysis reactor converting hydrogen to Hz. The
elemental analyzer conditions were set as: reactor temperature as 1050°C, carrier gas flow rate

as 75 mL min™! and purge flow rate as 50 mL min™".

Isotope ratios were defined as delta notation (6'°C or §°H) based on equation (1)

013C or PH =—3ample _ 4 (1)

standard

Rsample and Rstandard are the ratios of '*C/!2C or 2H/'H of the sample or the international standard,
respectively. The international standard for carbon isotopes is Vienna Dee Belemnite (VPDB)
and the one for hydrogen isotopes is Vienna Standard Mean Ocean Water (VSMOW). The
delta notations are expressed in Ur (Urey) according to recent [UPAC recommendations (1

mUr = 1%o). The detection precision is determined by less abundant isotopes.
2.6.3 Quantification of isotope fractionation (¢ and A)

The linearized Rayleigh equation (2) was used to express the quantitative relationship between
isotopic composition and degree of degradation.

6¢+1000 C

In 50+1000 Co (2)

otand oo are the isotope ratios at one time point ¢ and at the beginning of the degradation; ¢t and
co are the corresponding concentrations of SMX at time point 7 and 0. ¢ is the enrichment factor
deciphering the relationship between the change of isotope ratios and degradation induced
decreases in concentrations.

H/C

The lambda value ( A bulk

) was introduced for dual isotope (C-H) analysis, the hydrogen versus

H/C

carbon isotope signatures were plotted and the A bulk

was derived from the slope of linear

regression according to equation (3).

H/C _A62Hbu1k (3)
bulk A613Cbulk

H/C

The uncertainty of the enrichment factors and the A,

value were given as the 95%

confidence interval, derived from linear regression. Qualities of the enrichment factors and the

36



Materials and Methods

H/C

A Value were evaluated by the correlation parameter in linear regression (R?), the

respective isotope fractionation was regarded as significant if R? is higher than 0.8.

The AKIE (apparent kinetic isotope effect) values were introduced to link observable bulk
stable isotope fractionation to transformation pathways.!>? In this case, isotope fractionation
factors were adjusted based on number of atoms located at reactive positions responsible for
bond changes. Therefore, bulk isotope ratios (Jdbuik) were converted to bulk isotope ratios of
reactive positions (Jreactive position) 1n equation (4), and the enrichment factor of the reactive

POSition (&reactive position) Was calculated based on the corrected Sreactive position and linearized

Rayleigh equation.

n
Sreactive positionzabulk X "

“4)

Here, n is the total number of atoms for one element and x is the number of atoms at the reactive

positions.

Apart from the correction for enrichment factors of the reactive position (&reactive position)»> the

calculation of AKIE values was also based on a second correction due to the location of

nondiscriminable atoms of one element at the reactive position in equation (5).

AKIE= ! (5)

142 X Ereactive position/1000

Here, z is the number of nondiscriminable atoms of one element at the reactive positions

The uncertainties of AKIE values were calculated by error propagation in equation (6).

0AKIE

error of AKIE = | | X error of &reactive position (6)

O¢&reqctive position

2.6.4 Extraction of SMX from cultures

In order to reach the detection limit of SMX on GC-IRMS, SMX was extracted from cultures
via solid phase extraction (SPE) and concentrated in acetone for analysis. The SPE cartridge
(Waters HLB OASIS 6¢c/500 mg) contains a universal polymeric reversed-phase sorbent often
used for pharmaceutical analysis. Cultures were centrifuged at 2,000 rcf (Eppendorf 5424R)
for 10 min to remove particles and avoid interference on cartridge’s filling. For pre-
conditioning and equilibration, SPE cartridges were rinsed with 6 mL acetone, 6 mL methanol
and 6 mL MQ water sequentially at the flow rate of 2 mL min™! (drop by gravity). 180 mL (or
120 mL, depending on the SMX’s residual concentration) of cultures were loaded on SPE
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cartridge at the flow rate of 2 mL min™' by applying vacuum pump. After sample loading, 12
mL of 5% methanol in water was added to wash the cartridge. Elution of SMX from the
cartridge was performed by adding 9 mL methanol. The eluate was collected, concentrated
under a continuous nitrogen stream until dryness and dissolved in 200 uM acetone. The

concentrated samples were stored at -20°C for subsequent UPLC and GC-IRMS measurement.

2.7  Analytical methods
2.7.1 (@Gas measurement

Headspace COz concentrations were measured by GC with thermal conductivity detection (GC-
TCD, Agilent 7890A, USA) connected to a custom-designed robotized incubation system
composed of a water bath incubator and an autosampler. Headspace samples were taken every
three days. The average soil respiratory activity was calculated as CO2 production per kilogram
dry soil per day. Gas samples were manually collected every three days for *CO2 measurement
using GC-IRMS (Thermo Finnigan Delta V Advantage, Germany). After each measurement,
the headspace was completely replaced with sterile fresh air to avoid inhibition from CO:2

accumulation.
2.7.2 Sample preparation and SMX analysis by UPLC

SMX is water soluble and can be analyzed directly from the medium without extraction. For
that, 1 mL culture sample was centrifuged at 10,000 rcf for 10 min to remove particles and
bacterial cells, and 750 pL of the supernatant was transferred to a 2 mL glass vial. UPLC
analysis was done at room temperature by injecting 10 puL of the sample to an UltiMate 3000
UPLC system (ThermoFisher) equipped with a Cis column (LiChrospher 100 RP-18,
endcapped, 5 um; Merck) and a diode array detector (DAD). The flow rate was set as 0.6 mL
min’!. The mobile phase was composed of solution A (0.1% formic acid in Milli-Q water) and
solution B (HPLC grade methanol) and the following gradient was used: 0-1.25 min: 95%
solution A and 5% solution B, 1.25 min to 8 min: 95% to 2% solution A and 5% to 98% solution
B, 8 min to 10 min: 2% to 95% solution A and 95% to 5% solution B, 10 min to 17 min: 95%
solution A and 5% solution B. The column equilibrated in the last 7 minutes of this program.
We collected absorbance data from 190 to 400 nm and SMX was quantified at 270 nm against

external analytical standards.
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2.7.3 ldentification of TPs by mass spectrometry

For product identification we coupled the effluent line of our UPLC-DAD system with the
heated electron spray ionization chamber (HESI-II, Thermo Fisher) of an Orbitrap Fusion high-
resolution mass spectrometer (Thermo Fisher). Separation was done using a Hypersil Gold Cis
column (150 x 2.1 mm, 3 pm; Thermo Fisher). With the coupled system, peaks of SMX and
SMX transformation products were monitored simultaneously on a DAD and the Orbitrap mass
analyzer. lonization was done in positive mode. To avoid salt contamination of the ionization
source, we directed the effluent within the first 5 min of each analysis to a waste bottle using a
valve in the connection line. Peaks in the precursor mass spectra were correlated with peaks in
the DAD signals. Target peaks were then isolated by the embedded quadrupole in the Orbitrap
Fusion and fragmented using higher-energy collisional dissociation (HCD, 30% Thermo units)

fragmentation.
2.7.4 Measurement of sulfate and sulfide in cultures

Sulfate and sulfide concentrations were measured to monitor metabolic status of sulfate-
reducing bacteria. One mL sample was taken from cultures and centrifuged at 10,000 rcf for
ten minutes at room temperature, then 0.5 mL supernatant was transferred to vials with filtered
caps. Dionex-120 Ion chromatograph equipped with an IonPac AS4A-SC (4 mmx*250 mm)
column was used for sulfate analysis, the composition of isocratic mobile phase was 4.5 mM
Na2COs and 4.5 mM NaHCO3 with a constant flow rate of 1.0 mL min™!. The linear response
was confirmed in a range between 10 and 1000 puM, the retention time of sulfate was 30 min.
Sulfide in cultures were quantified photometrically as fresh colloidal CuS,'"* 0.5 mL sample
was withdrawn from cultures and mixed with 4 mL acidic CuSOs4 solution (5 mM CuSO4 and
50 mM HCI) in a 12 mL reagent tube, the content was transferred in a cuvette and measured
absorption at 480 nm, besides, the background absorption of acidic CuSOs solution was also

measured.
2.7.5 Measurement of sulfanilic acid and sulfanilamide in cultures

Sample preparation from cultures is described in 2.7.2. UPLC system (ThermoFisher) equipped
with a Cis column (LiChrospher 100 RP-18, endcapped, 5 um; Merck) and a diode array
detector (DAD) was used for measurement of sulfanilic acid and sulfanilamide. Both sulfanilic
acid and sulfanilamide are hydrophilic compounds, and can be eluted easily as the retardation

of C18 column is weak. The same gradient was used for both compounds, gradient buffer
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composing of solution A (0.1% formic acid in Milli-Q water) and solution B (HPLC grade pure
methanol) was set as: 0-1.25 min: 90% solution A and 10% solution B, 8 min: 70% solution A
and 30% solution B, 10 min: 90% solution A and 10% solution B, 17 min: 90% solution A and
10% solution B. The flow rate was constant as 0.6 ml min™' and the injection volume was 10
pL. The absorbance wavelength for sulfanilic acid was 250 nm and for sulfanilamide was 260

nm.
2.7.6 Measurement of lactate and acetate in the cultures

Sample preparation from cultures is described in 2.7.2. UPLC system (UltiMate 3000,
ThermoFisher) equipped with a Rezex ROA organic acid column (Phenomenex, H+ 8%, 150
x 7.8 mm) and a diode array detector (DAD) was used for lactate and acetate measurement.
The detection range for lactate and acetate was from 0.5 pM to 50 mM. Isocratic program was
applied here with 2.5 mM H2SOs as mobile phase, running with the flow rate as 0.5 mL min!
for 15 minutes for one sample. The injection volume was 10 pL. The peak of lactate was
detected at 10.52 min, and the retention time for acetate peak was 12.80 min. Both lactate and

acetate were quantified at 210 nm against an external analytical standard curve.

2.8 Biological methods
2.8.1 DNA extraction from soil and cultures

The soil in incubation experiment was thoroughly mixed by shaking flasks and DNA was
extracted from 0.5 g soil using FastDNA® SPIN Kit (MP Bio, USA) according to the
manufacturer’s instructions. DNA of enrichment cultures was extracted from 1 mL cultures by
using NucleoSpin Tissue kit (Genomic DNA from tissue, MACHEREY-NAGEL). The
concentration and quality of extracted DNA were evaluated with a UV-VIS spectrophotometer

(ND-1000, NanoDrop, USA) and DNA was then stored at -20°C for subsequent analysis.
2.8.2 Quantification of 16S rRNA gene and sequencing of 16S rRNA gene amplicon

DNA samples from density gradient fractionation treatment were screened before sequencing.
The abundance of total 16S rRNA genes was analyzed in each fraction by qPCR with universal
primers®® using a LightCycler® 480 (Roche, Pleasanton, CA, USA). The seven fractions with

the highest abundance of 16S rRNA genes were selected for [llumina sequencing. For each
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OTU the relative abundance in a fraction was calculated by relating the number of curated

paired reads within the OTU to the overall number of curated paired reads in a fraction.

Both DNA extracted from soil samples and enrichment cultures were sequenced. The V4/V5
region of 16S rRNA gene'®> were amplified, purified and sequenced using an Illumina
Hiseq2500 platform (Novogene Bioinformatics Technology, Beijing, China). An average of
50,000 reads were produced for all DNA samples. Raw paired-end reads were assembled after
filtering adaptor sequences and removing low-quality reads, ambiguous nucleotides and
barcodes to generate clean sequences. The resulting high quality sequences were analyzed for
their phylogenetic affiliation using QIIME,'® resulting in a set of operational taxonomic units

(OTU) for each DNA sample.
2.8.3 Protein extraction, separation, digestion and mass spectrometric analysis

Protein was extracted from 5 g of soil using the MOBIO NoviPure™ soil protein kit (QIAGEN,
Germany) according to the manufactures’ protocol. The protein pellet was re-suspended in 100
pL of rehydration buffer (7 M urea, 2 M thiourea and 2% CHAPS) and proteins were quantified
using a 2-D Quant kit (GE Healthcare, UK). The protein extract was then separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie stained to
estimate its size range. The extract was stored at -20°C until mass spectrometric analysis was

done.

For mass spectrometric analysis soil protein extracts from labeled and unlabeled samples were
first applied to a short run on an SDS-PAGE (4% stacking gel and 12% running gel) to remove
contaminants. The protein containing gel part (~2 cm) was cut into four slices. Gel slices were
then washed in 50 mM ammonium bicarbonate and reduced with 10 mM dithiothreitol in 50
mM ammonium bicarbonate for 30 min at room temperature. Then, cysteine residues were
alkylated by incubation with 100 mM iodoacetamide in 50 mM ammonium bicarbonate for 30
min at room temperature in the dark. Subsequent in-gel digestion was performed by adding 0.1
ug of porcine trypsin (Proteomic Sequencing Grade, Promega, US) and incubating at 37°C
overnight. Then peptides were extracted twice by incubation in 50% (v/v) acetonitrile and 5%
(v/v) formic acid for 10 min. Extracted peptide samples were desalted using C18 Zip Tip
columns (Millipore) before they were analyzed via nLC-MS/MS using an Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific, Germany) coupled with a nanoHPLC system
(nanoAcquity, Waters, US) via an TriVersa NanoMate (Advion, Ltd., Harlow, UK).!
Peptides were separated at 35°C on a 15 cm analytical column (Acclaim PepMap RSLC, 2 um
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C18 particles, Thermo Scientific) using a 90 min linear gradient from 4% to 55% solvent A
(0.1% formic acid) to solvent B (80% acetonitrile, 0.08% formic acid). Precursor ions were
measured in the Orbitrap analyzer at a resolution of 120, 000; fragmentation was done at 30%

CID (collision-induced dissociation) and measured in the ion trap at a resolution of 15, 000.
2.8.4 Toxicity test of SMX transformation products

For toxicity tests we used the SMX-susceptible strain £. coli K-12 (DSM 498). It was cultivated
on LB-plates and then stored at 4°C. One day before inoculation it was transferred into liquid
LB medium and incubated overnight at 37°C. Initial SMX toxicity tests were set up in mineral
medium with 1 mM sulfate, 20 mM glucose and 3-100 pM SMX that was inoculated with 3%
(v/v) E. coli and incubated at 37°C on a rotary shaker. Growth was monitored by

spectrophotometer at the wavelength of 600 nm (OD600).

Because we could not commercially obtain SMX transformation products, we set up further
toxicity tests in spent medium. For this we used a batch of SMX-transforming mixed cultures
initially set up with different initial SMX concentrations (100, 150, 250, 400, 600 and 750 uM)
and 1 mM sulfate that had been incubated for 14 months. After this time SMX was transformed
and we filtered the cultures to obtain the sterile supernatant with the SMX transformation
products through 2 uM filters. As a comparison we used medium of negative controls in which
no transformation of SMX occurred during the 14 months incubation period. All tests were
done in duplicates. The filtered media were then amended with 20 mM glucose, inoculated
with 3% (v/v) fresh E. coli K12 and incubated at 30°C under agitated aerobic conditions.
Growth was monitored by spectrophotometer at the wavelength of 600 nm (OD600).

Concentrations of SMX and transformation products were monitored by UPLC-DAD.
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3 Results

3.1 Key players in aerobic SMX degradation in pig-farm impacted soil

SMX is persistent in different environmental compartments and enriched in agricultural soil
contaminated by manure.'®” Microbial degradation contributes to depletion of SMX in soil
while isolated degraders based on cultivation technique could not be a real representative of
in-situ degrading populations. Therefore, we applied SIP techniques along with conventional
cultivation to identify in-situ SMX-degraders in agricultural soil. The agricultural soil was
collected from a vegetable garden associated with a pig farm in Fujian Province (China). The
vegetable garden was regularly fertilized with SMX-containing pig manure and irrigated with
the effluents from the pig farm. Aerobic SMX-degrading mixed cultures were enriched from
the agricultural soil. Besides, we hypothesized that we would be able to trace '*C from *Ce-
labled SMX into specific microbial populations, assuming that strongly '*C-incorporating
populations play a major role in SMX degradation. To address this hypothesis, we incubated
soil microcosms with 20 mg kg! SMX for 30 days, and monitored the shift of the soil microbial
community, respiration of the soil microorganisms, mineralization of SMX, and integrated
DNA- and protein-SIP to obtain complementary results on the identification of SMX-degrading
microorganisms. The added concentration of SMX was a compromise between natural
conditions and the detection limit of SIP. Identification of key players in SMX degradation in
hotspots is crucial for better understanding the fate of SMX and remediation of contaminated

sites.
3.1.1 Enrichment of aerobic SMX-degrading cultures from pig farm impacted soil

To enrich cultivable SMX-degraders, the pig-farm impacted soil was used as inocula and
incubated with 350 nM SMX in mineral salts medium described in Table 5. We established
five passages and each passage lasted for 3-4 weeks, and the added SMX concentrations
increased from 350 nM to 200 uM along the five passages. Degradation of SMX was observed
in each passage. In the passage one with 350 nM SMX, no significant degradation of SMX was
observed for the first 7 days, but after 16 days incubation 90% of the spiked SMX was degraded
(Figure 8). For the following passages, similar trends on the lag phase and the degradation
ratio were recorded with higher SMX concentrations up to 200 uM (data not shown here). To
investigate the bacterial composition of the aecrobic SMX-degrading cultures, 16S rRNA gene

sequencing was conducted for the passage 5 of the aecrobic SMX-degrading cultures. The genus
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Sediminibacterium dominated the community accounting for 34% of the population, besides,
the genera Phyllobacterium and Mycobacterium with the family Alcaligenaceae also accounted
for more than 10% of the population (Figure 9). However, none of these above-mentioned

dominant bacteria were previously reported as isolated SMX-degraders in the literature.
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3.1.2 Effects of SMX on bacterial respiratory activities and community structures in

soil

In parallel with enrichment of aerobic SMX-degrading cultures from the soil, we also incubated
the soil either with '*C labeled SMX or unlabeled SMX to identify the aerobic in-situ SMX-
degraders in soil, as well as to monitor the effects of SMX on soil microorganisms and
mineralization of SMX in soil. For the effects of SMX on soil microorganisms, we focused on
bacterial respiratory activities by monitoring the evolution of CO2, and bacterial community
structures by population analysis. In soil microcosm incubations, SMX significantly decreased
the production of CO2 compared to control soil without SMX within the first 21 days (Figure
10a) In all samples the bacterial communities were dominated by Actinobacteria (21.9%-
30.8%) (Figure 11b), Chloroflexi (19.8%-21.4%), Gemmatimonadetes (9.4%-13.4%),
Proteobacteria (11.0%-12.7%), Acidobacteria (5.2%-8.5%) and Firmicutes (2.5%-8.3%)
(Figure 11a). No strong changes of the bacterial community compositions at phylum level
were observed within the incubation time or after the addition of SMX (Figure 11a). Only a
principal component analysis of the bacterial community at OTU level revealed that the
original sample and the control samples without SMX from two different time points separated
into well separated clusters (Figure 10b). All SMX-amended samples together formed a fourth
well-separated cluster, demonstrating that SMX addition significantly changed the structure of

the bacterial community in soil (ANOSIM test, R=0.81, P<0.001).
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Figure 10. Effects of SMX on soil bacterial community. a) Respiratory activity in soil microcosms. Soil
respiratory activity with '2C-SMX (shown here as “Soil+SMX”") or without SMX was measured as CO, production
per kg of soil per day. The shown data represents the average of quadruplicate bottles + SD within the indicated
three days. b) Principle Component Analysis (PCA) showing the difference of microbial community structures at

OTU level depending on incubation time and presence or absence of SMX.
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Figure 11. Population analysis of the microbial community after different incubation times with '>C-SMX and in
controls without SMX. Incubation times of 0, 14 and 28 days are shown. Shown are average values of four

replicates. a) Total population analysis on phylum level; b) members of the phylum Actinobacteria classified on

the family level.

3.1.3 Mineralization of SMX in soil

To evaluate the mineralization of SMX in soil, the evolution of 3CO2 was measured for 30
days during the incubation period. In *Cs-SMX-amended soil incubations, an increase of the
813C value of CO: in the gas phase demonstrated that partial *Cs-SMX mineralization
occurred. The amount of evolved '*CO: during each successive 3-day period gradually
increased over time to a value higher than 20%o after about one-month of incubation (Figure
12). Such a continuous increase of *COz production per time unit from *Cs-SMX indicated an
enrichment of SMX-mineralizing microorganisms. However, the total amount of carbon

released from *Cs-SMX as *C-CO2 was low and estimated to be at around 0.5% of the added
SMX-carbon.
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Figure 12. Production of '*C-labeled CO, within 3-day periods in soil microcosm amended with '3C-SMX or 2C-
SMX during 30-day incubation. The data is given in -notation as the difference of carbon isotope ratios relative
to the VPDB standard of CO, from the headspace. Each bar shows the *C-CO; value for every 3 days during
incubation. After each measurement the gas phase was completely exchanged with sterile fresh air to avoid
inhibition of CO to soil microorganisms. 3-notation values of the '2C-SMX treatment are consistent with natural

abundance.
3.1.4 Identification of potential in-situ SMX-degraders by DNA-SIP

The assimilation of *C from '*C-SMX to bacterial biomass was traced in bacterial DNA to
identify the phylogeny of in-situ SMX-degraders. DNA was extracted from the soil in '>C- and
13C6-SMX treatments and labeled DNA was separated from non-labeled DNA by CsCl density
centrifugation. Seven DNA-containing fractions were selected from each treatment (Figure 13)
and the identity and the relative abundance of OTUs were determined for each fraction. OTUs
with significantly different distribution of the relative abundances across the fractions in '*Cs-
SMX treatments compared to '’C-SMX treatment are defined as "shifted OTUs". The total
number of such shifted OTUs ranged from 7 to 86 for the different fractions, representing 0.1-
0.6% of all detected OTUs (Table S1). In the three lighter fractions (fraction 5 to 7) the
numbers of significantly enriched and the numbers of significantly diminished OTUs in the
13C6-SMX treatment were almost identical. In contrast, in the heavier fractions most shifted
OTUs (70-90%) were enriched in the '*C-treatment (Table S1). Looking at overall shifting
patterns, 13 OTUs showed clear light-to-heavy shifting and they were all affiliated to the

phylum Actinobacteria. Among them there were OTUs affiliated to the families
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Nocardioidaceae, Intrasporangiaceae and Gaiellaceae and OTUs affiliated to the order
Solirubrobacterales (Figure 14). Eight of these 13 OTUs showed the expected shifting pattern
for bacteria incorporating *C from *Cs-SMX by being diminished in the lighter fractions and
enriched in heavier fractions. The other five shifted OTUs were preferentially enriched in the
heavier fractions but contained some irregularities by being enriched across all fractions or not
being enriched in the heaviest fraction. In addition to these 13 OTUs with clear light-to-heavy
shifting pattern, other OTUs were detected to be significantly shifted, but their pattern was so
irregular that incorporation of *C from '*Cs-SMX was ambiguous. These OTUs were affiliated
to the class Ktedonobacteria, order Xanthomonadales and family Streptomycetaceae. In
summary, bacterial species belonging to the families Nocardioidaceae, Intrasporangiaceae
and Gaiellaceae and bacteria belonging to the order Solirubrobacterales were inferred as

potential SMX-degrading populations, among which the families Intrasporangiaceae and

Nocardioidaceae showed the strongest shifts in population abundance (Figure 14).

—a— Soil+'?C-SMX
o Soil+'*C-SMX

Figure 13. The abundance of 16S rRNA genes relative to all detected 16S rRNA genes in one treatment in 26
eluent fractions for the 'C-SMX treatment (black line) and the '*C-SMX treatment (red line) after 14 days of

incubation. The blue circles indicate the seven fractions selected for population analysis (fraction 1 to fraction 7).
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Figure 14. Distribution patterns of OTUs showing clear shift of their occurrence from light-to-heavy gradient
fractions after growing in '*C-SMX-amended soil. OTUs were affiliated to the families Nocardioidaceae,
Intrasporangiaceae and Gaiellaceae and the order Solirubrobacterales. The x-axis represents the absolute
difference of proportion of OTUs from '*C-SMX treatments compared with that in the '>’C-SMX treatment; the y-
axis represents different buoyant density fractions. Numbers on data bars indicate FDR p-values generated from
the G-test (describe in 2.6.3). OTUs affiliated to the same taxonomy entity were grouped together in one panel
and only OTUs with p<0.05 are shown. Significant light-to-heavy shifts were concluded if significant (p<0.05)
opposite changes in light and in heavy fractions were obtained. Shown are fractions 1, 2, 3, 4, 7 for
Nocardioidaceae, fractions 1, 2, 3, 4, 7 for Intrasporangiaceae, fractions 1, 2, 3, 7 for Gaiellaceae, and fractions

1, 2, 3, 7 for Solirubrobacterales.

3.1.5 Taxonomic affiliation of '*C-labeled proteins

Protein-SIP was done with the SMX-degrading community to independently evaluate the
DNA-SIP results. Total proteins were extracted from the incubated soils for the identification
of 13C labeled proteins. From the samples collected after 14 days of incubation, a total of 185

labeled proteins were identified applying a threshold of 10% for both values X('*C)cp and
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X(LP)sp, reflecting significant isotope incorporation.!®* We clustered these 185 labeled
proteins into four categories based on the quality of the taxonomic affiliation as judged by the
BLASTn scores against the NCBI nt database (Figure 15a): 69 labeled proteins were highly
reliably affiliated with BLASTn scores of = 200, 28 labeled proteins were medium reliably
affiliated with a BLASTn scores of 80-200, 16 labeled proteins were weakly reliably affiliated
with BLASTn scores between 50 and 80, and 72 of these labeled proteins were matching our
metagenome database but could not be affiliated to any taxon by comparison with the NCBI
databases. All the 113 identified taxonomic affiliations (high, medium and low score
affiliations together) were among the phyla Proteobacteria, Actinobacteria or Bacteroidetes,
40 of the 69 high score affiliations (=61%) were to the family Intrasporangiaceae within the
phylum Actinobacteria whereas other high-score affiliations were to the Conexibacteraceae

(7%), Nocardioidaceae (6%) and Sphaerobacteraceae (6%) (Figure 15a).

We then compared the 113 taxonomic affiliations obtained from protein SIP with those from
DNA-SIP. Only seven protein categories were shared by different organisms, the rest could be
affiliated to one single bacterial group. Three out of four organism groups identified by DNA-
SIP to incorporate *C from SMX were also detected as host of labeled proteins (red diamonds
in Figure 15b). These three groups were the families Intrasporangiaceae, Nocardioidaceae
and the order Solirubrobacterales with 1its subfamilies Conexibacteraceae and
Patulibacteraceae. Indeed, 90% of the communities labeled by both DNA- and protein-SIP
were contained within the group of high-score affiliated proteins during protein-SIP (green

highlighted boxes in Figure 15a).
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Figure 15. Taxonomic affiliation of '3C-labeled proteins after incubation with *C-SMX for 14 days. a)
Taxonomic affiliation of labeled proteins categorized by BLASTn scores (= 200 as high score, 80-200 as medium
score, 50-80 as low score, in line with standard NCBI settings). The green boxes highlight taxonomic families
that were also labeled in the DNA-SIP experiment. b) Bipartite network showing the relationship between labeled
proteins with distinct annotated functions (blue circles) and their host organism group (diamonds) demonstrates
that the results of DNA-SIP and protein SIP support each other. Red diamonds indicate organism groups which
were labeled in protein-SIP and DNA-SIP, green diamonds were found by protein-SIP but not by DNA-SIP. The
number of connection lines from a diamond represents the number of detected labeled proteins belonging to this
taxonomic group. In both panels, the taxonomic groups are given with their name and a letter indicating the

taxonomic level (“f ” = family; “p " = phylum).
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3.1.6 Indications for SMX metabolism within the community from labeled proteins

Evaluation of the '*C incorporation pattern of all labeled proteins in regard to their X(*C)Lp
and X(LP)sp values revealed different aspects (Figure 16). Whereas X(LP)sp values were
almost homogeneously distributed over the whole analyzed range from 10 to 95%, the X(*C)Lp
values (i.e. the incorporation degree of '*C into proteins) were occurring in distinct steps. We
observed a low *C incorporation group (<30% X('*C)cp), a medium '3C incorporation group
(30-50% X(*C)Lp) and a high ’C incorporation group (>50% X('*C)rr). The low '*C
incorporation group included most of the labeled proteins (147 out of 185 = 80%). Within the
high '*C incorporation group, 6 out of the 8 taxonomically classified proteins were affiliated
within the families Intrasporangiaceae, Nocardioidaceae or Conexibacteraceae, all of which
were identified by DNA-SIP (indicated in Figure 16 with red circles). Four of the high '*C
incorporation proteins were from the Intrasporangiaceae. Functional annotation of the labeled
proteins showed that the dominant labeled proteins were related to catalytic activity (34.4%),
binding (26.8%) or transport (13.1%), accounting for 74% of total functional annotation
(Figure 17). However, a prediction which enzymes were involved in SMX degradation was

not possible with the obtained set of labeled proteins.
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3.2  Anaerobic transformation and detoxification of SMX by sulfate-reducing
enrichments

SMX is widely detected in the environment because routine activated sludge treatment cannot
efficiently eliminate it from wastewater. Here we investigated how microbial anaerobic
transformation contributes to removal of SMX in constructed systems. We enriched SMX-
transforming cultures from sediment of a constructed wetland and digester sludge from a
wastewater treatment plant. To further characterize the SMX-transforming cultures under
sulfate-reducing conditions, we tested the inhibitory effect of SMX on the sulfate-reducing
enrichments, detected and identified transformation products, evaluated the toxicity of
transformation products, determined whether the transformation was catalyzed by microbial
cells and identified key players in the sulfate-reducing enrichments. This work evaluated the
feasibility of including an anaerobic step in constructed systems to reduce antibiotic residues

in effluents and recipient environments.

3.2.1 Establishment of particle-free SMX-transforming cultures with different electron

acceptors

SMX-transforming cultures were established from two inocula (sediment and digester sludge)
and with three electron acceptors. In the initial particle-containing cultures (‘Passage 1’ (P1))
that were amended with low concentrations of SMX of about ~0.7 uM, we observed SMX
removal with both inocula, digester sludge and constructed wetland sediment under sulfate-
reducing and methanogenic conditions (Figure 18a). Under nitrate reducing conditions no
SMX transformation was detected. No transformation of SMX in the no-cell controls
confirmed SMX was chemically stable in the anaerobic medium. Also, no transforming activity
was observed in the autoclaved controls, demonstrating that adsorption of SMX to sludge or
sediment did not contribute to removal of SMX, and that the transformation process was
directly or indirectly mediated by microorganisms. SMX transforming activity was conserved
after transferring 10% (v/v) of particle-free inocula from P1 to fresh medium (P2, Figure 18b),
again with low concentrations of SMX (~1.5 uM). Among these particle-free cultures, cultures
originating from digester sludge and cultivated under sulfate-reducing conditions showed the
highest SMX removal activity. Further subculturing of particle-free cultures with higher SMX
concentrations (2, 5, 25 and 140 uM) validated the stable transforming activity of cultures with
digester sludge inoculum wunder sulfate-reducing conditions, in comparison, SMX

transformation in cultures originating from constructed wetland sediment and cultivated under
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methanogenic conditions was inhibited with the same SMX concentrations (2, 5, 25 and 140

uM) (Figure 19).
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Figure 18. Anaerobic removal of SMX in cultures established from digester sludge (DS) and constructed wetland

sediment (ST) in the presence of bicarbonate, sulfate or nitrate as electron acceptors. Controls were established

as no-cell control (NCC) containing bicarbonate and sulfate and autoclaved cell controls (NCC ST/DS). a)

Passage one (P1): one milliliter of digester sludge or one gram of constructed wetland sediment was used as

inoculum; b) Passage two (P2): 10% supernatants from P1 without particles was used as inoculum. All data is

shown as mean of triplicate cultures + standard deviation (SD).
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Figure 19. Anaerobic transformation of SMX in particle-free cultures (P3) with bicarbonate or sulfate as electron
acceptors. Panels (a)-(d) show cultures with different initial SMX concentrations (2, 5, 25 and 140 pM,
respectively). Shown are means of triplicate cultures + SD, but single no cell controls in panels (b)-(d). Colors:
blue, no-cell control, NCC; black, cultures originating from sediment inoculum under methanogenic conditions;

pink, cultures originating from digester sludge inoculum under sulfate-reducing conditions.

3.2.2 Inhibition of SMX on transforming activity of sulfate-reducing cultures

We focused on SMX-transforming cultures with 1 mM sulfate as electron acceptors to evaluate
the inhibitory effect of SMX on transforming activity and for the following characterization,
as these cultures showed the highest transforming activity after two passages. In the anaerobic
medium, 4 mM cysteine was added as reducing agent. No significant inhibition of SMX
transformation was observed at initial SMX concentrations of 2-140 uM (Figure 19).
Therefore, SMX concentrations of 100-750 uM which were above the reported minimal
inhibitory concentration (2-126 pM) tested for Haemophilus spp were utilized here.!”® We
monitored SMX concentrations over time and calculated the transformation rates as the average
of removed SMX concentration between sampling points (Figure 20). For 100 and 150 pM
initial SMX concentrations, the transformation started without any lag phase and removal was

detected already at the first sampling point after 9 days. In cultures with initial SMX
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concentrations of 250 uM or above, a lag phase was observed ranging from 15 to 29 days until

SMX removal started.
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Figure 20. Removal of SMX over time with different initial SMX concentrations in particle-free cultures

originating from digester sludge inoculum in the 4" passage (P4) with 1 mM sulfate as electron acceptor. Panels

(a)-(f) show cultures with initial SMX concentrations of 100, 150, 250, 400, 600 and 750 uM, respectively. Shown

are means of triplicate cultures = SD. NCC — no-cell control.

3.2.3 Kinetics of SMX transformation by sulfate-reducing cultures

To evaluate the kinetics of SMX transformation in passage four (P4), the maximal

transformation rates in the treatments with different initial SMX concentrations were calculated.

We observed that the maximal transformation rates increased along initial SMX concentrations

from 1.52 to 6.54 uM d! in a way resembling Michaelis-Menten-Kinetics of enzymes,

indicating that the process was enzymatically mediated (Figure 21).
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Figure 21. Maximum transformation rate in sulfate-reducing cultures (Passage four) spiked with different initial

concentrations of SMX (100, 150, 250, 400, 600 and 750 puM, respectively).

3.2.4 Detection and identification of transformation products

The P4 sulfate-reducing cultures from digester sludge were further cultivated for 6 months to
search for SMX transformation products (TPs). We detected residual SMX and two TPs with
earlier elution time than SMX: TP1 eluted at 6.16 min while TP2 eluted at 6.95 min (Figure
22), indicating the two TPs were more polar than SMX. The cultures were further incubated to
a total of 14 months to investigate the maximum SMX transformation degree (defined as the
removed SMX over the initial SMX) (Figure 22). The transformation degree varied in cultures
with different initial concentrations of SMX. In cultures with initial SMX concentrations of
100-250 uM, ~90% of the initial SMX was removed (Figure 22, left panels). In contrast, in
cultures with SMX concentrations of 400-750 uM, the transformation degree decreased from
78% to 9%, and no more decrease of SMX was observed in the subsequent cultivation (Table

S2). This showed that SMX suppressed the transforming activity on the long term.
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Figure 22. Absolute quantification of SMX (using an external standard; numbers near the SMX peaks) and
relative quantification of transformation products (for which no external standard was available) in the cultures
shown in (Figure 20) after 14 months of incubation. Data represents the absorption at 270 nm. Numbers in bold
represent initial concentrations of SMX. Note that the scale of the Y-axis of the three graphs on the left side is
different from the scale of the three graphs on the right side. No transformation products were detected in negative

controls with no cells or with autoclaved cells (data not shown). TP — transformation product.

Dominant [M+H]" ions of SMX and the two transformation products were detected in MS1
scans with a series of expected isotope peaks (Figure 23, panels (a), (c), and (e), and Table
S3). Fragment mass spectra supported the prediction of the chemical structure (Figure 24). The
m/z values of the dominant fragment ions of SMX were 92, 99, 108, 110 and 156. The m/z 92
ion was affiliated to the aniline moiety (CeH4NH2) which was generated by cleaving the S-C
bond, the m/z 99 ion was affiliated to the protonated isoxazole moiety (C4aN20H?7) by cleaving
the sulfonamide bond, the m/z 108 ion was affiliated to the oxidized m/z 92 ion, the m/z 110
ion was generated by replacing a hydrogen by a hydroxyl group on the m/z 92 ion, the m/z 156
ion was affiliated to the aniline moiety with a sulfo group by cleaving the sulfonamide bond
(Figure 23b, Figure 24, and Table S3). The protonated TP1 ion (m/z=256) contained 2 Da
more than the protonated SMX ion (m/z=254), indicating TP1 was generated by reduction and
addition of 2 hydrogen atoms (hydrogenation). TP1 had all the fragment ions as described for
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SMX except the m/z 99 ion. Instead an m/z 101 ion was detected for TP1, indicating the
isoxazole moiety was hydrogenated (Figure 23c and d). The protonated TP2 ion (m/z=254)
showed the same mass fragments as the protonated SMX ion (m/z=254) but eluted at a different
retention time, indicating rearrangement occurred on the isoxazole ring (Figure 23e and
£).19929 To analyze the oxygen stability of the transformation products, 15 mL samples were
transferred from anaerobic bottles containing TP1 and TP2 to 50 mL Falcon tubes. These falcon
tubes were not closed and the transformation products were exposed to oxygen for seven days.
After this exposure no reverse transformation of TP1 or TP2 to SMX was detected (data not
shown). As a chemical reaction we tested the reaction of SMX with 1 mM Ti(III) citrate®* and

found the formation of the transformation products TP1 and TP2 after 28 days of incubation.
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Figure 23. Precursor mass spectra (panels a, ¢, ¢) and fragment mass spectra (panels b, d, f) of SMX and the two
identified transformation products TP1 and TP2 detected in positive ionization mode after electron spray
ionization. Inferred chemical structure and the nominal mass of the [M+H]" ion are shown on MS1 spectra. The
fragment with an m/z value of 101.01 represents the opened and reduced heterocycle of SMX (see text for this

and further mass affiliations).
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Figure 24. Structures proposed for the fragment ions of SMX according to our data and literature references.?’!

We tried to also quantify the two transformation products to evaluate if SMX was
stoichiometrically converted or if further products were formed in significant amounts.
Because standards of the transformation products were not available and as the structures of
the detected transformation products, with the aromatic ring responsible for absorbance were
similar to SMX (Figure 23), we assumed for quantification the transformation products have
the same molar absorption coefficient at 270 nm as SMX. During cultivation, the peak area of
SMX decreased steadily, while the peak areas of TP1 and TP2 steadily increased
correspondingly. The calculated sum of SMX, TP1 and TP2 kept almost constant over the
whole incubation period, suggesting that TP1 and TP2 were the only transformation products

(Figure 25).
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Figure 25. Transformation of SMX and formation of SMX transformation products over time in sulfate-reducing
cultures amended with 100 pM SMX. All data is plotted against the peak area at 270 nm (left Y-axis). SMX
absorption at 270 nm was calibrated with external SMX standards and the corresponding uM concentration is
shown on the right Y-axis. The sum of the 270 nm peak areas of SMX, TP1 and TP2 was constant over time
(dashed line). The blue curves show data of no-cell controls in which no formation of transformation products

was detected.

3.2.5 Anaerobic transformation of SMX is a detoxification process

In the next step we evaluated the effect of the anaerobic transformation on toxicity (the toxicity
test was described in 2.5.4). Added as a neat compound, 3 uM SMX impacted growth of E.
coli in overnight cultures (OD600 of 0.2 with 3 uM SMX vs. OD600 of 0.3 without SMX,
Figure 26a). At an SMX concentration of 10 uM or above, inhibition of E. coli growth reached
a maximum degree (OD600 of only 0.05) after overnight incubation (Figure 26a). To test the
toxicity of the transformation products, we exposed E. coli to filtrates with untransformed SMX
(obtained from negative controls without cells) and to culture filtrates in which SMX was
transformed to the two transformation products. Both were obtained by filtering the
media/culture liquid described in Figure 22 through 0.2 pum filters. An estimation of the
concentrations of SMX and TPs in the filtrates is described in Table S2. Growth of E. coli in
filtrates with untransformed SMX represented the inhibitory effect of SMX alone. In TPs-
containing filtrates where initial SMX concentrations were 100-250 pM and residual SMX
concentrations were 10-21 uM (Table S2) the growth of E. coli almost doubled compared to
the corresponding filtrates with untransformed SMX (Figure 27). We observed less but still
significant increase of E. coli growth with TPs-containing filtrates from higher initial SMX
concentrations (600 uM) and higher residual SMX concentrations (377 uM) (Figure 27). In

all treatments the concentrations of residual SMX surpassed 10 uM, and it should have already
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inhibited E. coli growth to the highest extend after overnight growth according to our
experiments shown in Figure 26. However, we observed the two transformation products
counteracted the inhibitory effect of residual SMX. This indicates that the transformation
products were not only less toxic but also reversed the inhibitory effect of SMX. In the
treatments with 750 uM SMX filtrates, no significant difference on growth of E. coli was
observed between TPs-containing filtrates in which only 9% of the SMX had been transformed

and filtrates with untransformed SMX.
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Figure 26. Test for growth inhibition of E. coli strain K-12 by different initial SMX concentrations. E. coli cultures
were set up in medium as used for sulfate-reducing cultures and amended with different initial concentrations of
SMX. a) The initial concentrations of SMX ranged from 0 to 104 uM; b) The initial concentrations of SMX

ranged from 0 to 497 uM. Shown are means of duplicate cultures = SD.
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Figure 27. Effects of SMX transformation products on overnight growth of E. coli K-12. E. coli K-12 was
incubated overnight either in SMX containing medium (SMX) or in culture filtrates containing transformation
products and residual SMX (TP + SMX). Growth of E. coli K-12 was calculated by subtracting initial OD600
values from final OD600 values for each bottle. NCC - no-cell control, TP - transformation products. Shown are

means = SD (n=2).
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3.2.6 Transformation of SMX is catalyzed by microbial cells

After characterizing the structure and toxicity of transformation products we investigated the
role of bacterial cells in the transformation process. Previous studies under iron-reducing and
denitrifying conditions showed SMX transformation by abiotic reaction of SMX with the
reduced respiration products Fe(Il) and nitrite, respectively,'®!'!! and therefore we
hypothesized that sulfide as the respiration product of sulfate-reducing bacteria could
abiotically react with SMX over time. However, we found no abiotic reduction of SMX by
sulfide at a concentration of 8 mM sulfide after 28 days of incubation (data not shown).
Therefore, we set up two sulfate-reducing cultures (A and B) to compare the transforming
activity of active cultures with that of culture filtrates that contained all respiration products
but no bacterial cells. Culture A transformed 95% of the initial SMX within 24 days, with a
transformation rate of 6 pM d! during the first 8 days, but no transformation of SMX was
observed in culture A filtrates without cells. Culture B transformed 35% of the initial SMX
over 24 days, with a transformation rate of 3 uM d™! during the first 8 days, but again, culture
B filtrates without cells did not show any transforming activity (Figure 28). Hence, we

concluded SMX transformation was directly catalyzed by microbial cells.
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Figure 28. Transformation of SMX by active sulfate-reducing cultures and corresponding culture filtrates (using
a 0.2 um filter) over time. Culture A and culture B were initially incubated with 100 uM SMX. When 30 uM
SMX was transformed in culture A, half of the culture volume was taken out and filtered to obtain culture A
filtrate without cells; when 70 uM SMX was transformed in culture B, additional 100 uM SMX was re-spiked
and half of the culture volume was taken out and filtered to obtain culture B filtrates without cells. Then, cultures

and culture filtrates were incubated at 30°C in the dark for 24 days. Data show means of triplicates = SD.
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3.2.7 Population analysis to identify potential key players in the sulfate-reducing

cultures

Samples from two passages were taken for 16S rRNA gene sequencing when SMX
transformation activity in the cultures was high. Within the determined communities,
sequences belonging to the genus Desulfovibrio strongly increased in relative abundance from
passage 3 to passage 5. (Figure 29, Figure 31) In the cultures of passage 3, the relative
abundance of Desulfovibrio increased from 3.5 to 38.6% with increasing SMX concentrations
from 0.25 to 140 uM (Figure 29). Three other sulfate-reducing bacteria were found in the
cultures of passage 3 belonging to the genus Desulfomicrobium, genus Desulfobulbus and
family Dethiosulfovibrionacea. (Figure 29, Figure 31) Sequences of the genus
Desulfomicrobium accounted for more than 10% in the cultures of passage 3 with 25 uM SMX
and the cultures of passage 5 with 200 uM SMX. (Figure 29, Figure 31) Sequences of the
family Dethiosulfovibrionacea were abundant (above 10%) in the passage 3 but their
abundance decreased to less than 1% in passage 5. (Figure 29, Figure 31) In the cultures of
passage 5 Desulfovibrio dominated the sulfate-reducing cultures with a relative abundance of
60% and up to nearly 80% in the presence of the methanogen inhibitor BES (Figure 31). This

indicates Desulfovibrio played a key role in SMX transformation.
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Figure 29. Population analysis of SMX-transforming cultures with sulfate as electron acceptor from different
passages at genus level analyzed by 16S rRNA gene amplicon sequencing. Cultures from passage 3 (P3) cultivated

with different concentration of SMX. No-substrate control (NSC) represents cultures cultivated without SMX.

65



Results

3.2.8 Methanogens did not contribute to SMX transformation in the sulfate-reducing

cultures

Population analysis showed that Desulfovibrio were the dominant population in the sulfate-
reducing mixed cultures (4 mM cysteine as reducing agent, 1 mM sulfate as electron acceptors
and 100 uM SMX), however, the methanogenic mixed cultures (4 mM cysteine as reducing
agent, 10 mM bicarbonate as electron acceptors and 100 uM SMX) also showed transformation
activities. In order to investigate whether methanogens could grow in the sulfate-reducing
mixed cultures and the potential effects of methanogens in the sulfate-reducing cultures on
SMX transformation, a new passage of sulfate-reducing mixed cultures were established with
4 mM bromoethanesulfonate (BES) to inhibit the potential growth of methanogens, meanwhile
cultures without BES were also set up as controls. After 140 days cultivation, the spiked 200
uM SMX was almost consumed in both treatments, and no significant difference of
transformation activity was observed between BES treatments and treatments without BES at
any sampling point (Figure 30). Population analysis was conducted for samples on the 21 day
with high transformation activity, but no significant proportion of methanogens were detected
in both treatments, at the meantime, we observed that the presence of BES significantly
promoted the percentage of genus Desulfovibrio and decreased the proportion of genus
Desulfomicrobium (Figure 31). Both transformation experiments and population analysis
showed methanogens did not contribute to SMX transformation in the sulfate-reducing cultures

even though methanogenic mixed cultures themselves showed transformation activity.
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Figure 30. Transformation of SMX by sulfate-reducing cultures with or without BES. Controls were established

as no-cell control (NCC). All data is shown as mean of triplicate cultures + standard deviation (SD).
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Figure 31. Population analysis of SMX-transforming cultures with sulfate as electron acceptors at genus level
analyzed by 16S rRNA gene amplicon sequencing. Passage 5 (P5) were cultivated with either 200 uM SMX or
200 uM SMX plus 4 mM bromoethanesulfonate (BES) to suppress the growth of methanogens. Sequencing was
conducted on the 21 cultivation day. Only the 10 most abundant taxa are shown individually, all others are
summarized as “Others”. For unclassified genera the family or order is also indicated in the legend. DS — digester

sludge.

3.3 Physiology of SMX-transforming sulfate-reducing mixed cultures

In our previous study, stable SMX-transforming cultures were established under sulfate
reducing conditions, two transformation products with less toxicity compared to SMX are
generated stoichiometrically, and the process is directly catalyzed by cells. In order to optimize
the growth conditions and reveal the transformation mechanism, we further investigated the
physiology of the SMX-transforming mixed cultures. Grown with sulfate as electron acceptor,
we tried to identify the electron donor in the sulfate-reducing cultures for SMX transformation,
and the effects of additional electron donor and carbon source on the transformation. Besides,
we also investigated the abiotic transformation of SMX by reductants, and tried to enrich
another group of cultures which could metabolically reduce sulfonamides as electron acceptors
for energy conservation. Overall, characterizing the SMX-transforming sulfate-reducing
cultures is essential for understanding the anaerobic transformation process and selecting

remediation strategy.
3.3.1 Abiotic transformation of SMX by reducing agents

We investigated the abiotic transformation of SMX by different reducing agents to test whether
similar transformation products could be generated as the ones by microbial transformation, as

the structure of TP1 indicates a reductive transformation process. SMX is sensitive to redox
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potentials, and it is reported that the transformation of SMX by iron reducing bacteria is a
microbially mediated abiotic process triggered by iron(Il).!'"' We tested the abiotic
transformation of SMX by NazS, cysteine, dithionite, Ti(II[)NTA and Ti(IIl) citrate in two
batches. No abiotic transformation of SMX by 4 mM cysteine, or 1 mM dithionite or 0.5 mM
NazS was observed after 35 days incubation (Figure 32). We further tested two more reducing
agents with low redox potentials: Ti(III) citrate and Ti(IIl) NTA. Precipitation was formed in
Ti(IIT) NTA treatments and no SMX was detected even at the starting point, one explanation
could be SMX was embedded in the precipitation instead of being released in the medium. In
contrast, | mM Ti(IIl) citrate transformed SMX to the two typical transformation products as
detected in the microbial transformation by sulfate-reducing mixed cultures (Figure 22, Figure
33). Besides, 8 mM sulfide in the medium containing 4 mM cysteine was also tested, no
significant decrease of SMX was observed and also no transformation products were detected
(Figure 33), and therefore, we could exclude the possibility of abiotic transformation in the
sulfate-reducing mixed cultures in which high amounts of sulfide were generated by the activity
of sulfate-reducing bacteria. In summary, among all the tested reducing agents, only 1 mM

Ti(III) reductively transformed SMX to the two transformation products TP1 and TP2.
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Figure 32. Abiotic transformation of SMX by three different reducing agents. Shown are chromatogram of SMX
the transformation products after 35 days incubation with 0.5 mM Na,S, or 4 mM cysteine, or 1| mM dithionite in
Milli-Q water, the initial concentration of SMX was 100 pM.
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Figure 33. Abiotic transformation of SMX by two different reducing agents. Shown are chromatogram of SMX
and the transformation products after 28 days incubation with 1 mM Ti(III) citrate in Milli-Q water or 8 mM Na,S

in anaerobic medium containing 4 mM cysteine, the initial concentration of SMX was 100 uM.
3.3.2 Identification of the electron donor in the sulfate-reducing cultures

Our initial hypothesis was that SMX could act as electron donor in the sulfate-reducing cultures
with 1 mM sulfate as electron acceptor, but both structure analysis of transformation products
(3.2.4) and abiotic transformation test (3.3.1) indicated that SMX was reductively transformed.
Thus, we proposed that the reducing agent in the medium could act as electron donor in the
sulfate-reducing cultures. We investigated whether cysteine which was consistently added as
reducing agent in the previous experiments could act as electron donor in the sulfate-reducing
cultures, besides, three different reducing agents were also tested in parallel on how they

influenced transformation of SMX in the sulfate-reducing cultures.

Firstly, a batch of sulfate-reducing cultures were established with sulfate as electron acceptor
and cysteine as electron donor, different concentrations of cysteine and sulfate were combined

in four treatments, and the initial concentration of SMX for all treatments was 100 pM (Figure
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34). Sulfide generation was measured in the cultures to evaluate the sulfate reducing activities.
The concentrations of generated sulfide were positively correlated with cysteine added in the
cultures (Figure 34). The ratio between sulfate and cysteine was also estimated based on
sulfide generation. We observed that there was no difference on sulfide generation when sulfate
concentrations increased from 1 mM to 10 mM combined with 4 mM cysteine, indicating
within this range sulfate was excess compared to cysteine (Figure 34). According to this result,
cysteine concentrations increased from 4 mM to 12 mM combined with 10 mM sulfate, sulfate
was still excess and the cysteine: sulfate ratio was around 2:1. Besides, we observed the trend
that higher cysteine induced higher SMX transformation (Figure 35).

o sufre 4 v stin

10 mM sulfate, 8 mM cysteine
10mM sulfate, 12 mM cysteine

3
1
dpeonm

=y
1

Concentration of sulfide (mM)
(%] w

-
1

0 5 10 15 20 25 30 35 40 45
Cultivation time (day)

Figure 34. Production of sulfide in the sulfate-reducing cultures incubated with different concentrations of sulfate
and cysteine. Four treatments were established as: 1) 1 mM sulfate + 4 mM cysteine; 2) 10 mM sulfate + 4 mM

cysteine; 3) 10 mM sulfate + 8 mM cysteine; 4) 10 mM sulfate + 12 mM cysteine.

71



Results

110

. 100 + !
= 4
1 &
< | ’
904 A
%
|
A
= 80 . !
c b L
S _ 7
© A
s
S 70
Q
3 1
c
8 ® 1 mM sulfate, 4 mM cysteine
60 —® 10 mM sulfate, 4 mM cysteine
A— 10 mM sulfate, 8 mM cysteine
¥ 10 mM sulfate, 12 mM cysteine
¥ NCC
50 1 I 1 1 T 1 1
0 5 10 15 20 25 30 35

Incubation time (day)

Figure 35. Transformation of SMX in the sulfate-reducing cultures incubated with different concentrations of
sulfate and cysteine. NCC represents triplicate no cell controls. All data is shown as mean of triplicate cultures +

standard deviation (SD).

To further test the influence of different reducing agents on SMX transformation, we
established another batch of sulfate-reducing cultures with 1 mM sulfate as electron acceptor
and different reducing agents as electron donors. Apart from cysteine, two inorganic reducing
agents dithionite and Na>S were tested separately and the concentrations applied were
conventional ones in anaerobic cultivation. Abiotic test showed cysteine, dithionite and NaxS
under tested concentrations did not transform SMX abiotically (Figure 32). After 35 days
cultivation, the cultures with 1 mM dithionite as electron donor transformed more SMX
compared with the cultures with 4 mM cysteine, besides, both the cultures with 0.5 mM NaxS
and the cultures with no reducing agents did not transform SMX (Figure 36). In summary,
cysteine acted as electron donor in the sulfate-reducing SMX-transforming cultures,
additionally, the sulfate-reducing cultures can also utilize dithionite as electron donor and

transform SMX.
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Figure 36. Transformation of SMX in the sulfate-reducing mixed cultures incubated with different reducing
agents as electron donors. Different reducing agents were added in three treatments: 4 mM cysteine, | mM
dithionite, 0.5 mM Na,S, and the concentrations of reducing agents applied here refer to conventional
concentrations used in anaerobic cultivation. The initial concentration of SMX was 100 uM. Note, Y axis shows
the concentrations of SMX transformed by the cultures after 35 days cultivation. All data is shown as mean of

triplicate cultures =+ standard deviation (SD).

3.3.3 Effect of H» on SMX transformation

We observed that the sulfate-reducing cultures can utilize cysteine and dithionite as electron
donors to transform SMX. To investigate whether more electron donors can promote SMX
transformation, we established one batch of sulfate-reducing cultures (1 mM sulfate as electron
acceptor and 4 mM cysteines as electron donor and reducing agent) incubated with different
amounts of Hz (0-6 mL) as additional electron donors. After 140 days cultivation, in all four
treatments (0 mL, 1 mL, 3 mL, 6 mL H2) more than 70% of spiked SMX was transformed,
while no significant difference on SMX transformation at any time point was observed among
treatments (Figure 37). The results showed no inhibition effect and no stimulating effect of H2

on SMX transformation in the sulfate-reducing cultures.
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Figure 37. Transformation of SMX in the sulfate-reducing mixed cultures with different amounts of H, as electron
donor. The initial concentration of SMX was 200 uM. 1 mM sulfate was added as electron acceptor and 4 mM
cysteines was added as electron donor and reducing agent. NCC represents no-cell control. All data is shown as

mean of triplicate cultures + standard deviation (SD).

3.3.4 Effect of additional carbon source on SMX transformation

Previous results showed that electron donors had impact on SMX transformation in the sulfate-
reducing cultures, apart from electron donors, carbon source is also a factor which could
influence microbial degradation. Therefore, to investigate the effect of three different carbon
sources (pyruvate, acetate and citrate) on SMX transformation we established one batch of
sulfate-reducing cultures with 1 mM sulfate as electron acceptor and 4 mM cysteines as
electron donor (Figure 38). After 77 days cultivation, in the cultures without additional carbon
source (Cys in Figure 38) around 100 pM SMX was transformed, in the meantime, we
observed the same SMX transformation degree occurred in the treatments with either acetate
or citrate. In contrast, in the treatment cultivated with pyruvate almost all spiked 300 uM SMX
was transformed, showing significantly higher transformation activity than other treatments
(Figure 38). ). No transformation of SMX was observed in all no-cell controls with the three
tested carbon source (data not shown). The results revealed that pyruvate added as co-substrate
can significantly promote SMX transformation, while the presence of acetate or citrate did not

influence SMX transformation.
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Figure 38. Transformation of SMX in the sulfate-reducing mixed cultures with different additional carbon source.
In all cultures, 1 mM sulfate was added as electron acceptor and 4 mM cysteine was added as electron donor. Cys
means “cysteine” which represents the treatment without additional carbon source but only with cysteine, three
tested carbon source are: 5 mM pyruvate, S mM acetate and 5 mM citrate. Note, Y axis shows the concentrations
of SMX transformed by the cultures after 77 days cultivation. The initial concentration of SMX was 300 uM. All

data is shown as mean of triplicate cultures + standard deviation (SD).

3.3.5 Establishment of sulfanilamide/sulfonic acid-transforming mixed cultures

We also tried to establish enrichment cultures transforming other sulfonamides. Our hypothesis
was that sulfonamides could act as electron acceptors and energy can be conserved from it for
bacteria to grow. In this case, the sulfonamide bond could accept electrons and be reduced, and
the sulfonamide bond is the key structure for the antibacterial activity. In our previous study,
reductive transformation of SMX occurred on the isoxazole moiety in the sulfate-reducing
cultures. We selected two substrates for enrichment cultivation: one was sulfanilamide known
as the least active sulfonamide antibiotic, and another one was sulfanilic acid having the similar
structure of sulfanilamide (Figure 39). The medium used for enrichment cultivation was
chemically defined, containing 0.5 mM sulfanilamide or 1 mM sulfonic acid as electron
acceptor and 0.5 Bar H: as electron donor, 2 mM cysteine was added as reducing agent and no
additional carbon source was added in the medium. Digester sludge from a biogas reactor and
sediment from constructed wetland were used as inocula. However, no significant decrease of
sulfanilic acid and sulfanilamide was observed after 9 months incubation (Figure 40),

indicating no sulfanilic acid or no sulfanilamide was reduced with Hz as electron acceptor.
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Figure 39. Chemical structures of sulfanilic acid and sulfanilamide. a) Sulfanilic acid; b) sulfanilamide
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Figure 40. Quantification of sulfanilic acid and sulfanilamide in culture bottles during nine months incubation.

All data is shown as mean of triplicate cultures + standard deviation (SD).

3.4 Cometabolism of SMX by D. vulgaris Hildenborough

The type strain D. vulgaris Hildenborough was obtained from DSMZ for investigation of its
SMX transformation activity, as Desulfovibrio was identified as dominant bacteria in the SMX-
transforming sulfate-reducing cultures. In the D. vulgaris cultures, sulfate was added as
electron acceptor and lactate was added as electron donor and carbon source. Different
concentrations of SMX were spiked in the pure cultures to test the inhibitory effects of SMX
on sulfate reducing activity, cell growth and SMX transformation activity. Close monitor of
metabolism of D. vulgaris and transformation of SMX was conducted for one batch of D.
vulgaris cultures to establish correlation in between. As SMX transformation is dependent on
available electrons, here we also tested how lactate as electron donor affected the reductive
transformation of SMX by D. vulgaris. In addition, intact-cell activity for SMX transformation

was developed in our study, to examine factors influencing SMX transformation by D. vulgaris.
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3.4.1 Anaerobic transformation of SMX by D. vulgaris

The genus Desulfovibrio was shown to be dominant in the mixed SMX-transforming sulfate-
reducing cultures (Figure 29, Figure 31). Hence, we obtained the type strain D. vulgaris
Hildenborough from the German Collection of Microorganisms and Cell Cultures (DSMZ) to
test the SMX transformation activity. D. vulgaris was cultivated in the defined medium with 1
mM sulfate as electron acceptor and 4 mM cysteine as electron donor, and spiked with 100 uM
SMX, the rest components were the same as the medium use for the mixed SMX-transforming
sulfate-reducing cultures. Subculture was established with 3% inoculum. After cultivation for
14 days, 38% of SMX was transformed to the two transformation products TP1 and TP2 by D.
vulgaris (Figure 41). Here we verified the transformation capacity of Desulfovibrio in a pure
strain, and more correlation between the metabolisms of D. vulgaris and SMX transformation

activity will be investigated in our subsequent study of the active pure strain.

|non00':
1500004 Day 0 SMX
140nm;:
130000
1 ?mm;;
110000
100nm;;
0000
HDﬂOD%
70000
600003
500003

40"00;:
300003 TP1 TP2
200003
g 10000 aoa a1 5 sus 615 . R 9.0] 823 975

luuuoo_
1500003
1o000] Day 14
1300003
120000
1 ‘WOO—;
1000003
900003
800003
70000 .
60000 1
500003 |
40000 \
30000 667 /
200003 648 i I
100009 4soazs 32 SN JI\ 7se / lk 842 __9.08 977,
rer e

8ps

T 1
L] 10

Time (min)

Figure 41. Transformation of SMX by D. vulgaris after 14 days cultivation. a) HPLC chromatogram of SMX,
TP1 and TP2 in the D. vulgaris cultures on Day 1; b) HPLC chromatogram of SMX, TP1 and TP2 in the D.

vulgaris cultures after 14 days cultivation. TP1 represents transformation product 1, and TP2 represents

transformation product 2.
3.4.2 Inhibition and kinetics of SMX transformation by D. vulgaris

We investigated the transformation of SMX by D. vulgaris under different SMX concentrations

(from 50 uM to 650 uM) to monitor the transformation kinetics, and evaluate the toxicity of
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SMX on cell growth, sulfate reduction activity and transformation capacity. The cultivation
medium contained 21 mM sulfate as electron acceptor and 17.8 mM lactate as electron donor
and carbon source in each treatment. All cultures were established with 3% 10-days-old inocula.
Inhibition of SMX on D. vulgaris growth was observed, but the cell still could grow even in
the presence of SMX (Figure 42). A lag phase on D. vulgaris growth was detected for all SMX
amended cultures, and after 11 days cultivation cells started growing in SMX treatments, while
the cell density in the cultures with SMX was significantly lower than that in the cultures
without SMX (Figure 42). Concentrations of sulfide and sulfate were measured in the medium,
we found that the amounts of consumed sulfate were in line with generated sulfide, hence, we
utilized generated sulfide to evaluate the extent of sulfate reduction. No inhibition of SMX on
sulfate reduction was observed (Figure 43), indicating that there existed time gaps between
energy conservation via sulfate reduction and cell growth in this batch of D. vulgaris cultures.
In contrast, we observed no significant inhibition of SMX on transformation capacity of D.
vulgaris under any SMX concentration (Figure 44), as cultures showed no lag phase during
transformation. With initial SMX concentration of 50 uM SMX was completely transformed
(Figure 44). When the concentration of SMX surpassed 200 uM, more SMX was consumed
by D. vulgaris under higher SMX concentrations, but a trend that the transformation slowly
ceased was also observed (Figure 44). Average transformation rate was calculated for each
sampling interval in all SMX amended cultures, and the maximum transformation rate was
found for the first 8 days (Figure 44), indicating that transformation activity decreased along
the cultivation. We plotted the maximum transformation rate with SMX concentrations and
found that the kinetics of transformation obeyed the first order kinetics, fitting the beginning

period of Michaelis-Menten kinetics (Figure 45).
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Figure 45. Maximum SMX transformation rate by D, vulgaris spiked with different initial concentrations of SMX

(50, 200, 350, 500 and 650 LM)).

3.4.3 Correlation between metabolism of D. vulgaris and SMX transformation

capacity

In order to investigate whether SMX transformation is coupled to the growth of D. vulgaris,
we established a batch culture of D. vulgaris, with 21 mM sulfate as electron acceptor and 17.8
mM lactate as electron donor and carbon source, spiked with 100 pM SMX. Cultures were

established with 3% 3-day-old inocula and the initial cell density was 1.8 x 10° cells mL™.
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Meanwhile, abiotic controls containing 7 mM sulfide were also set up to monitor the potential
interference of sulfide on SMX transformation. Samples were taken from each culture bottle

every 12-24 hours for measurement of sulfide, SMX and cell density in the cultures.

Sulfate reduction started from time zero and finished at 72 h in both SMX spiked cultures and
NSC, after 72 hours cultivation the concentrations of sulfide almost kept constant in all cultures.
No effect of SMX on sulfate reduction process was detected (Figure 46a), which was in line
with what we observed in the batch cultures with different initial concentrations of SMX
(Figure 44). Cell number increased from time zero to 120 h reaching 1.5-1.87x108 cells mL™,
but cell growth was slower in the first 72 hours compared to the later phase. Almost no

inhibition of SMX on cell growth was observed in the whole cultivation period (Figure 47).

Transformation of SMX was initiated gradually and steadily with the generation of two
transformation products TP1 and TP2, only small amounts of SMX were transformed, and no
significant increase of SMX transformation was observed after 72 hours when cell growth
accelerated, indicating that SMX transformation was not coupled to growth of D. vulgaris
(Figure 46b). During the 14 days cultivation, transformation of SMX was not observed in
abiotic controls with 7 mM sulfide, which excluded the interference of sulfide on

transformation of SMX (Figure 46b).

In summary, SMX did not impact sulfate reduction activity and SMX transformation was not
coupled to cell growth. The toxicity of SMX on cell growth was highly dependent on the age
of the inoculum, young cells were more resistant to SMX than old cells (Figure 42, Figure

47).
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Figure 46. Sulfate reduction and SMX transformation by D. vulgaris during incubation with 100 uM SMX.
Cultures were established with 21 mM sulfate as electron acceptor and 17.8 mM lactate as electron donor and
carbon source, and with 3% inoculum. The reducing agent in the medium was 2 mM cysteine. a) Production of
sulfide; b) decrease of SMX and generation of TP1 and TP2 during transformation process, Y-axis shows the
peak area of SMX, TP1 and TP2 on HPLC. NCC: no cell control, NSC: no substrate control, abiotic controls

contain 7 mM sulfide in the cultivation medium.
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Figure 47. Cell density of D. vulgaris cultivated with 100 upM SMX. NSC: no substrate control.

3.4.4 Addition of lactate can promote transformation of SMX by D. vulgaris

As SMX transformation is a cometabolic reducing process by D. vulgaris, we tried to
investigate the mechanism of SMX transformation and search for approaches of improving
transformation capacity of D. vulgaris. We hypothesized that addition of electron donor can
promote reductive SMX transformation. Hence, we established batch cultures with 100 uM
SMX and different concentrations of lactate (12.7 and 18.5 mM) as electron donor and carbon

source, in order to monitor the quantitative relationship between transformed SMX and
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consumed lactate. Lactate was selected as tested electron donor as it can support fast growth of
D. vulgaris, 8 mM sulfate was added in all treatments as electron acceptor and 2 mM cysteine

was added as reducing agent.

Firstly, oxidation of lactate was evaluated in the batch cultures, by detecting the consumption
of lactate and production of acetate. In the cultures amended with 12.7 mM lactate, lactate was
used up after 3 days and same amounts of acetate was produced. In the treatment with 18.5
mM lactate it took 4 days until all added lactate was consumed and same amounts of acetate

was generated (Figure 48).
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Figure 48. Quantification of lactate and acetate in D. vulgaris cultivated with different concentrations of lactate.
Sulfate concentration was 8 mM in all treatments, concentrations of lactate were set as 12.7 mM and 18.5 mM in
different treatments. Controls were set up in cultivation medium with 12.7 mM lactate or 18.5 mM lactate together

with or without 7 mM sulfide (four controls as NCC1-4).

Meanwhile, we also monitored the sulfate reduction activity of D. vulgaris. Sulfide generation
stopped on day 3 when 7.0 mM was produced in the 12.7 mM lactate treatment, and on day 5
8.6 mM sulfide was produced in the 18.5 mM lactate treatment (Figure 49). Sulfide generation
was concurrent with lactate consumption and acetate generation. The generated sulfide
represented consumed sulfate, here we observed that the stoichiometric ratio between

consumed lactate and sulfate was approaching 2:1.

83



Results

° 'Y
g ® ® L ] ® ‘
8 _
£ vl & ! 4
~ An
74 *gd
g e , : e S (3 ®
= [
S5 6 |
»
—
O 5. J
c |
Ke] |
i = 12.7 mM lactate
= ! ©— 18.5mM lactate
S 34 i A— NSC_12.7 mM lactate
e v~ NSC_18.5mM lactate
Q 2 [ 4 NCC_12.7 mM lactate
o | NCC_18.5mM lactate
14/ » NCC_12.7 mM lactate+7 mM sulfide
‘ o NCC_18.5mM lactate+7 mM sulfide
D Rd.6-9- 4 ’]) T r Y r ’I /| !
0 5 10 15 20 25 30

Cultivation time (day)

Figure 49. Quantification of sulfide in D. vulgaris cultivated with different amounts of lactate as electron donor
and carbon source and 8 mM of sulfate as electron acceptor. The cultures are the same batch as described in

Figure 48.

However, SMX transformation was not concurrent with lactate oxidation and sulfate reduction.
We observed that transformation of SMX started after 4 and 6 days cultivation in two
treatments with different concentrations of lactate (Figure 50). From day 0 to day 12 a similar
trend on SMX transformation was observed in the two treatments, afterwards more SMX was
transformed in the treatment with 18.5 mM lactate than that in the treatment with 12.7 mM
lactate (Figure 50). After 32 days cultivation, we found that the transformed amounts of SMX
were proportional to the amounts of consumed lactate: 30 uM SMX was transformed with 12.7

mM lactate, and 45 uM SMX was transformed with 18.5 mM lactate
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Figure 50. Transformation of SMX by D. vulgaris cultivated with different concentrations of lactate. The cultures

are the same batch as described in Figure 48.
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In order to further test the long term effects of electron donor on SMX transformation, we
established another batch of D. vulgaris cultures with three different concentrations of lactate
(8 mM, 16 mM and 24 mM) as electron donor and carbon source, and a fixed concentration of
sulfate (8 mM) as electron acceptor. As we did not monitor lactate in this batch of cultures,
consumed amounts of lactate were calculated. We calculated lactate oxidation based on our
observation above that the stoichiometric ratio between lactate and sulfate was 2:1, hence, 8
mM and 16 mM lactate can be completed oxidized with 8 mM sulfate as electron acceptor,
while in the treatment cultivated with 24 mM lactate only 16 mM lactate can be oxidized and
8 mM lactate will be left in the medium after sulfate reducing process. Sulfate reduction
stopped on day 5 (data not shown). On day 7, decreased concentrations of SMX were
proportional to calculated consumed concentrations of lactate, same concentrations of SMX
were transformed in the treatments with 16 mM lactate and 24 mM lactate (Figure S1a), as
theoretically 16 mM lactate was consumed in both treatments. After 16 days cultivation,
decreased concentrations of SMX were proportional to added concentrations of lactate (Figure
51a), which indicated that probably excess lactate in the treatment amended with 24 mM lactate
can continue to be slowly oxidized after sulfate reducing process and provide electrons for
SMX transformation. From day 16 to day 132, less than 5 uM SMX was further transformed
in the treatments amended with 8 mM and 16 mM lactate, while in the treatment amended with
24 mM lactate, more than 40 uM SMX was transformed (Figure 51b), which further indicated

that electrons could directly flow from lactate oxidation to SMX transformation.

Overall, we observed that more lactate can induce more SMX transformation, and continuous
transformation of SMX after sulfate reduction indicated that lactate could be slowly oxidized

without being coupled with sulfate reduction and provide electrons for SMX transformation.
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Figure 51. Transformation of SMX in D. vulgaris cultivated with different amounts of lactate. Here, lactate
concentrations were set as 8 mM, 16 mM and 24 mM respectively. a) Decrease of SMX within 16 days cultivation;

b) Decrease of SMX on day 132.

3.4.5 Intact-cell activity test revealed anaerobic transformation of SMX as an

enzymatic reduction process

In our work with sulfate-reducing mixed cultures, we found that transformation of SMX was a
reduction process mediated by bacterial cells. Here we aimed to investigate the transformation
process on the molecular basis by using both mixed cultures and pure strain D. vulgaris.
Therefore, we developed an in-vivo intact-cell activity test for SMX transformation. The
biochemical basis of this test is that the transfer of electrons from the artificial electron donor
methyl viologen radicals to SMX can be catalyzed by D. vulgaris cells, meanwhile Ti(III)
citrate is added stoichiometrically to reduce oxidized methyl viologen to reactive methyl

viologen radicals.

In the primary test, we found that SMX was not reduced by methyl viologen radicals directly
without cells, even though TP2 was detected after overnight incubation, but TP2 (the
rearranged product) disappeared after 4 days of incubation (Table 11). Moreover, cells alone
without methyl viologen radicals also cannot transform SMX. However, in the presence of
cells and methyl viologen radicals SMX was transformed, and the corresponding
transformation product TP1 (the reduced product) was detected and accumulated with time
(Table 11), indicating that cells catalyzed electron transfer from reduced methyl viologen

radicals to SMX and triggered transformation of SMX.
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Table 11. Establishment of intact-cell activity test for SMX transformation by using cells from sulfate-reducing
mixed cultures. Transformation of SMX was evaluated after overnight and after 4 days incubation. The initial
concentration of SMX was 50 uM in all treatments, cells were harvested from sulfate-reducing mixed cultures by

centrifugation and the final cell density was 9x10”mL"! in the activity test.

Overnight Day4
SMX TPl TP2 SMX TPl TP2
peak peak peak peak  peak peak
area  area area  area area  area

MV+SMX 1 517641 N 1783 532116 N N
MV+SMX 2 528047 N 1974 525742 N N
MV+SMX 3 528615 N 1669 537278 N N
MV+SMX+cell 1 542274 5270 N 517120 12698 N
MV+SMX+cell 2 538066 5900 N 511251 15329 N
MV+SMX+cell 3 543447 6489 N 515027 15505 N
SMX+cell 1 575922 N N 569990 N N
SMX+cell 2 557053 N N 562078 N N
SMX+cell 3 557553 N N 563667 N N

Based on the established intact-cell activity test, we further investigated the transformation
activity of crude extracts. After 6 days incubation, transformation of SMX was observed for
both intact cells and crude extracts with detection of TP1, while significantly less TP1 was
generated with crude extracts than that with intact cells (Table 12), indicating that disruption

of cells could induce loss of transformation activity of cells.

Table 12. Activity test for SMX transformation of intact cells and crude extracts from sulfate-reducing mixed
cultures. Transformation of SMX was evaluated after 6 days incubation. The initial concentration of SMX was
50 uM in all treatments, cells were harvested from sulfate reducing mixed cultures by centrifugation and the final

cell density was 9x10" mL-.

Day6
SMX peak TP1 peak TP2 peak
area area area

MV+SMX 1 535476 0 0
MV+SMX 2 531628 0 0
MV+SMX 3 537036 0 0
MV+SMX+cell 1 518668 15608 0
MV+SMX+cell 2 503956 18866 0
MV+SMX+cell 3 501170 21073 0
MV-+SMX+extract 1 527717 5035 0
MV+SMX+extract 2 527310 6283 0
MV+SMX+extract 3 533323 4954 0
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In order to test the impact of the growth phase on SMX transformation, intact-cell activity test
was done with exponential phase cells (3-day-cells) and stationary phase cells (11-day-cells)
from pure strain D. vulgaris, and the 3-day-cells just finished sulfate-reducing process.
Transformation of SMX in the activity test was evaluated at two time points during incubation:
30 minutes and day 4. After 30 min incubation, decrease of SMX was detected for both
exponential phase cells and stationary phase cells together with generation of TP1, but the
transformation activity was higher in exponential phase cells than that in stationary phase cells
(Figure 52). After 4 days incubation, the exponential phase cells continued to show
significantly higher transformation activity compared with stationary phase cells, and
generation of both transformation products (TP1 and TP2) were detected for both cells

concurrent with consumption of SMX (Figure 52).
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Figure 52. Intact-cell activity test on SMX transformation of cells from different growth phase. Cells were
harvested from D. vulgaris cultures after 3 days cultivation (3-day-cells) and 11 days cultivation (11-day-cells).
The final cell density of the harvested cells was 1.5x10° mL"!. The initial concentration of SMX was 50 uM, y-
axis represents peak areas of SMX, TP1 and TP2 on HPLC. NCC: No cell controls are the same as “MV+SMX”
in Table 11and Table 12. Note that the x-axis is not linear.

In order to investigate whether SMX can induce or promote the expression of specific
transformation related proteins, intact-cell activity tests were done for cells cultivated with
SMX (acclimated cells) and cells cultivated without SMX (unacclimated cells).
Transformation of SMX was investigated in the activity test after 30 minutes and 4 days
incubation. Decrease of SMX was observed in both acclimated cells and unacclimated cells at
two time points, and no significant difference was observed between two types of cells (Figure

53). Similarly, the amounts of generated TP1 in acclimated cells were almost the same as that
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in unacclimated cells (Figure 53). The results showed that cells acclimated by SMX did not

significantly increase SMX transformation activity.
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Figure 53. Intact-cell activity test on SMX transformation of acclimated cells and unacclimated cells. Acclimated
cells were harvested from D. vulgaris cultures spiked with 100 pM SMX after 11 days cultivation, and
unacclimated cells were harvested from D. vulgaris cultures after 11 days cultivation. The final cell density of
harvested cells was 1.5x10° mL-!. The initial concentration of SMX was 50 uM. NCC: No cell controls are the
same as “MV+SMX” in Table 11 and Table 12. Note that the x-axis is not linear.

In order to identify the role that proteins play in SMX transformation, intact-cell activity tests
were done for high-temperature-denatured cells and active cells of D. vulgaris. The denatured
cells were achieved by treating D. vulgaris harvested cells at 80°C for two hours to inactivate
proteins, the whole inactivated process was conducted in closed bottles to ensure anaerobic
conditions. Transformation of SMX was evaluated after 5 days incubation by detecting SMX,
TP1 and TP2 in the test system. In the denatured cell treatment significantly less transformation
of SMX was observed compared to that in active cells (Figure 54). Even though small amounts
of TP1 were detected in the denatured cell treatment, the amounts of TP1 were similar to that
in NCC treatments (Figure 54). Our results showed that cells containing denatured proteins
almost harbored no transformation activity, indicating that proteins in D. vulgaris cells could

play an essential role in transformation of SMX.

In sum, an intact-cell activity test on SMX transformation was successfully developed and
disruption of cells caused significant decrease of transformation activity. We found that
exponential stage cells were more active on transformation of SMX than stationary phase cells.

Besides, thermo instability of the transformation activity implied that transformation of SMX
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may rely on the functions of proteins, and acclimation did not promote the transformation

activity of cells.
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Figure 54. Activity test on SMX transformation of denatured cells and active cells. Cells were harvested from D.
vulgaris cultures after 3 days cultivation. The final cell density of harvested cells was 1.5x10% mL"!. The initial
concentration of SMX was 200 uM. NCC: No cell controls are the same as “MV-+SMX” in Table 11 and Table

12. Note that the x-axis is not linear.

3.5 Carbon and hydrogen isotopic fractionation of SMX during anaerobic

transformation by D. vulgaris Hildenborough
3.5.1 Method development on GC-MS and GC-IRMS

In contrast to many other compounds readily accessible by gas chromatography (GC)
measurement, SMX is a polar compound with high boiling point (482°C) and a low Henry’s
law volatility constant (6.4x107'* atm-m?®/mol). HPLC is the routine method for detection of
SMX. However, detection of SMX by GC has also been reported previously.?”> HPLC as a
chromatographic separation sector connected with IRMS introduces aqueous mobile phase to
IRMS, and the hydrogen from water can interfere with the detection of hydrogen isotopes of

SMX.

In the first step, we established a separation method for SMX on GC without derivatization
steps to overcome the drawbacks of HPLC, as derivatization could cause bias in isotope ratios.
The eluting temperature of SMX on a ZB1 column (100% dimethylpolysiloxane) was found to
be 320°C. The injector temperature was tested on GC-MS with 25 mM SMX from 180°C to
260°C to monitor the vaporization and decomposition of SMX (Figure 55a). SMX peak and
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the corresponding by-products peaks were identified by NIST (National Institute of Standards
and Technology) library with over 90% confidence. There were no significant differences of
SMX’s peak areas among different injector temperatures (Figure 55b). At the lowest tested
temperature (180°C), a tailing effect was observed on the SMX peak, resulting in
unreproducible ion signals with the highest standard deviation (Figure 55a). The shape of SMX
peak was improved at the temperatures above 200°C but by-products started to form. The three
by-products from the thermal decomposition of SMX were tentatively identified by GC-MS.
The most abundant by-product was proposed as sulfanilamide with N-C bond cleavage to split
the sulfonamide group and isoxazole moiety. Aniline and 4-aminothiophenol were detected as
less abundant compared to sulfanilamide (Figure 56, Table S4). The proportion of by-products
ranged up to 5.5% of the total peak areas at different injector temperatures. The proportion of
by-products increased along the injector temperatures from 180°C to 220°C. Higher injector
temperatures significantly enhanced the tendency for SMX decomposition. At the temperatures
higher than 240°C, the by-products proportion decreased without reproducibility which may
imply that the primary by-products undergo further decomposition to unstable compounds or
high molecular residues (Figure 55b). Within the tested temperatures the lowest decomposition
of SMX was observed at 200°C (2.5%) (Figure 55b). Therefore, 200°C was selected as the

optimal injector temperature for detection of SMX on GC.
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Figure 55. Vaporization and decomposition of SMX at different injector temperatures on GC-MS with 25 mM
SMX injected. a) GC chromatogram for SMX standards with different injector temperatures; b) Peak areas of
SMX with different injector temperatures (left Y-axis with yellow blocks) and proportion of the corresponding
by-products (right Y-axis with green dots).
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Figure 56. Proposed structures of by-products of SMX on GC-MS. Sulfanilamide is the most abundant by-

product, and aniline is the least.

With the optimal injector temperature and the developed temperature program, we tested SMX
standards with different concentrations from 1 mM to 125 mM on GC-MS, with the injected
volume of 1 pL, for calibration. No signal was detected at 1| mM, and linear response was
observed from 5 mM to 50 mM. When SMX concentrations were higher than 50 mM, signal
intensities slightly increased along concentrations without a linear correlation (Figure 57a),
implying that the evaporation of SMX were incomplete or by-products were formed.
Additionally, we also observed that the proportions of by-products up to 11% were linearly
relative to SMX concentrations (Figure 57b), suggesting that less injection can significantly

reduce the decomposition of SMX.
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Figure 57. Signal response of SMX and proportions of by-products at different concentrations of SMX on GC-
MS. a) Peak areas of SMX ions (yellow blocks) on GC-MS with different concentrations of SMX; b) proportions

of by-products (green dots) in total signals with different concentrations of SMX.

3.5.2 Linear range of carbon and hydrogen isotopes

The dependency of isotope composition on the concentrations of SMX was determined to select

the dynamic range of concentrations where the isotope composition can be reproducibly
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determined. Therefore the peak areas of SMX were plotted against the isotope composition.
Carbon and hydrogen isotope signatures (8'*C and §*H) of SMX were measured by GC-IRMS
with the optimum GC operation parameters described above. A series of SMX standards (1
mM to 125 mM) were injected with different volumes (1 pL, 3 uL and 5 pL) to test the stable
ranges of carbon and hydrogen isotope signatures, and the hydrogen data was adjusted based
on H3" factor. The results showed that when the injected SMX surpassed certain amounts, both
carbon and hydrogen isotope ratios remained consistent with reproducible results. The fact
indicates that within the stable ranges isotope ratios are independent of bulk concentrations of
SMX. When peak area of SMX was over 5 Vs, carbon isotope ratio '*C was consistent as -
26.5 = 0.5%o (Figure 58a). Higher peak areas of SMX (>13 Vs) were needed to reach the stable
range of hydrogen isotope ratios 8°H (-127.4 + 6%o) (Figure 58b), as natural proportion of
heavy hydrogen is less compared with that of carbon. Based on elemental analysis, the bulk
carbon isotope ratio of SMX was -26.3 + 0.1%o (the horizontal dashed line indicates the mean
value and the horizontal solid lines indicate the uncertainties in Figure 58a), and the bulk
hydrogen isotope ratio of SMX was -124.5 £ 2.7%o (the horizontal dashed line indicates the
mean value and the horizontal solid lines indicate the uncertainties in Figure 58b). Both the
carbon and hydrogen isotope ratios achieved from our developed GC-IRMS methods were in
line with the bulk values directly obtained from elemental analyzer, which validates the

feasibility of the developed GC-IRMS method for SMX analysis.
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Figure 58. Carbon and hydrogen stable isotope ratios of SMX at different concentrations of SMX. a) Linearity
of carbon isotope ratio (triangles) of SMX; b) Linearity of hydrogen isotope ratio (diamonds) of SMX. The vertical
dash lines in panels a) and b) indicate the starting point of stable ranges for carbon and hydrogen. The horizontal
dash line indicates the mean value and the horizontal solid lines indicate the uncertainties of the measurement.
Two independent measurements were performed with the same SMX standards showing in different colors

(orange and blue).
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3.5.3 Carbon and hydrogen stable isotope fractionation during the anaerobic

transformation of SMX by D. vulgaris Hildenborough

In order to analyze *H and '3C isotope fractionation of SMX during anaerobic transformation,
a batch of D. vulgaris cultures were established with 17.8 mM lactate as electron donor and
carbon source and 21 mM sulfate as electron acceptor, 100 uM SMX was spiked in the cultures
and 20 replicate bottles were set up in parallel. We already observed that D. vulgaris
transformed SMX to two products (TP1 and TP2) stoichiometrically within a wide
concentration range of SMX.?* Transformation occurred on isoxazole moiety of SMX caused
by reductive cleavage (TP1) and rearrangement (TP2) (Figure 23). In the established batch
cultures, almost 75% of the spiked SMX (100 uM) was transformed by D. vulgaris after 9 days
cultivation. As no transformation was observed for the first 4 days cultivation, 10 culture
bottles were sacrificed from day 5 to day 9 for carbon and hydrogen isotopes analysis covering

transformation degree from 0 to 75%.

Distinct carbon and hydrogen stable isotope fractionations of SMX were observed during
anaerobic transformation of SMX by D. vulgaris. The carbon isotope composition of SMX
changed from -26.5 to -18.6 for 65% transformation of SMX after 8 days cultivation (Figure
59). The isotope fractionation can be quantified by using the Rayleigh equation, yielding an
enrichment factor (&¢) for carbon as -5.8+0.7%o during anaerobic transformation of SMX with
a good correlation as indicated by the factor of determination (R?=0.98) (Figure 60). Hydrogen
isotope composition was also analyzed in culture samples, as more loading amounts were
needed for hydrogen isotope analysis we only obtained valid data for 7 samples out of 10
samples which were used for carbon isotope analysis. The hydrogen isotope composition
shifted from -148.2% to -123.7% for 52% transformation of SMX after 7 days cultivation, but
the two points with the lowest SMX concentrations showing relatively large standard deviation
may introduce uncertainties to hydrogen isotope analysis (Figure 59). We observed that the
enrichment factor for hydrogen (&) during anaerobic transformation of SMX by D. vulgaris
was -33.849.2%0 with significant correlation between SMX concentration and hydrogen

isotope signatures (R?=0.82) (Figure 60).
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Figure 59. §'3C/"?C and & ?H/'H values of SMX during anaerobic transformation by D. vulgaris at different
sampling points. The dark blue triangle symbols represent !*C/'2C values, and the red diamond symbols represent

2H/'H values.
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Figure 60. Carbon and hydrogen fractionations during the anaerobic degradation of SMX by D. vulgaris
calculated by using the Rayleigh equation. The blue triangle symbols represent carbon and the red diamond
symbols represent hydrogen. Enrichment factors (&c and ey) are shown along the data sets with correlation

determinants.

3.5.4 Two dimensional isotope fractionation analysis

In order to investigate the relationship between carbon isotope fractionation and hydrogen
isotope fractionation during anaerobic transformation of SMX, we plotted A§'*C with A§’H

for correlation analysis. We observed good correlation between change of carbon isotope ratios
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and change of hydrogen isotope ratios during anaerobic transformation of SMX by D. vulgaris,

H/C
and the A b:lk value was 5.1£3.2 (R?=0.77, Figure 61). This is the first dual-element isotope

fractionation study for SMX, there is no reported lambda value available from literature to
compare with that obtained one in our study. Nevertheless, the good correlation between carbon
and hydrogen isotope compositions further confirmed the observed hydrogen isotope

fractionation during anaerobic transformation.
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Figure 61. Two-dimensional compound specific stable isotope analysis of the anaerobic transformation of SMX

by D. vulgaris.
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4 Discussion

4.1 Microbial aerobic degradation of SMX in pig farm impacted soil
4.1.1 Microbial composition of in-situ SMX-degraders in pig-farm impacted soil

With the complementary results from DNA- and protein-SIP we here identified bacteria of the
family Intrasporangiaceae as the major player of SMX assimilation in pig manure treated soil.
Although other taxa within the phylum Actinobacteria have previously been associated with

SMX degradation via cultivation approaches,’*!!

a crucial role of Intrasporangiaceae has yet
never been observed. The closest isolate in this family, Intrasporangium chromatireducens,
was isolated from manganese mining soil and was described to reduce chromate.?** With the
Conexibacteraceae and Patulibacteraceae we identified two further new groups within the
phylum Actinobacteria as assimilating *C from '*Cs-SMX. Members of the Nocardioidaceae

X72,93

have previously been identified to degrade SM and also played a major role in our

experiments.

The phylum Actinobacteria comprises many crucial microorganisms in soils with high
metabolic versatility and potential for bioremediation of xenobiotics.?”> Also they naturally

produce many different antibiotics?*%-2®

and harbor intrinsic multidrug resistance genes to
synthetic antibiotics.2?*2!® This broad metabolic versatility is reflected by large genomes and

strong genomic plasticity as shown for Rhodococcus (Nocardioidaceae).*'!
4.1.2 Primary SMX-degraders in pig-farm impacted soil

The detection of '3CO2 in the headspace of soil microcosms demonstrated that SMX was
partially mineralized. In the microbial biomass we characterized the distribution of *C label
within proteins. Between the different microbial populations strong differences in the '*C
incorporation degree X('*C)Lp were found (Figure 16). We hypothesize that these strong
differences reflect that primary SMX degraders directly integrate '*C from SMX and are thus
higher labeled than secondary users growing on degradation products of SMX or on the
necromass of primary degraders.?!?> Within food chains the label will naturally dilute.?!* Such
an interpretation of the results is supported by the detection of only a limited number of
organism groups with high X(**C)Le and a much higher number of organisms with low X('*C)».
These two groups could represent primary and secondary SMX degraders, respectively. The

high X('3C)Lp of 60-80% for Intrasporangiaceae is remarkable, given that the amount of '*Cs-
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SMX that was added to the samples was relatively low, indicating a specific and preferential
degradation of SMX as a carbon source. Such a specific and preferential degradation of SMX
suggests that Intrasporangiaceae profit from SMX degradation, i.e. that they catalyze
metabolic transformation of SMX. This has to be further investigated because it would allow
the development of an efficient biotechnological process in which Intrasporangiaceae

proliferate as long as the antibiotics are present.
4.1.3 Ecological risks of SMX-degraders

A major concern regarding antibiotic-degrading bacteria is that enrichment of these organisms
may lead to the spread of resistance determinants in the environment.?'* For some antibiotics
like beta-lactams, beta-lactamases responsible for inactivation are important contributors for
antibiotic resistance, but in our case, few degradation related genes are reported as sulfonamide
resistance genes. Actinobacteria do not have a dominant role as human or animal pathogen and
most of the genes encoding the degradation pathway reside on the chromosome. This suggests
that the resistance gene transfer potential from Actinobacteria to environmental bacteria or

pathogens is lower than that from beta-lactam degraders.
4.1.4 Combination of DNA-SIP and protein-SIP

We used a combination of DNA- and protein-SIP together with a soil metagenomic database
to link SMX degrading microorganisms in a soil microbiome with the anabolism of specific
microbial populations. This approach was necessary because after addition of SMX no obvious
population shifts at phylum level in the total community was observed; we did neither observe
inhibition of SMX-susceptible populations nor enrichment of populations growing on SMX.
Both effects would need higher SMX concentrations than could be used here due to the toxic
effects of antibiotics. Also the low amount of applicable SMX prevented strong DNA labeling.
Therefore, we analyzed the data for small OTU distribution shifts as done in quantitative DNA-
SIP approaches previously.?!> The consistent results obtained with DNA- and protein-SIP
confirm the reliability of the sensitive detection of the degrading bacteria under close-to-natural
conditions and underpins the power of stable isotope probing as a critical method to link

microbial identity to function.?'®

In fact, DNA-SIP and protein-SIP complement each other in their strengths: DNA-SIP is
stronger on the precise phylogenetic identification due to the longer size of the amplified 16S

rRNA gene sequences®!” and the larger database that can be used for BLASTn; on the other
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side, protein-SIP is stronger in providing sensitive detection and even quantitative data of
BC-incorporation.'*® Our metagenome database finally links the two data sets. Accordingly,
in our study DNA-SIP identified four groups of potential SMX degraders with high '*C
incorporation of X(*C)Lr >50% and good taxonomic resolution, whereas protein-SIP identified
more potential SMX degraders and also bacteria with lower incorporation degrees, that might

have incorporated '*C via indirect feeding within the microbial food web.

Whereas the results from the two SIP-methods mostly overlap, the family Gaiellaceae was
identified by DNA-SIP but not by protein-SIP. We attribute this to the lower phylogenetic
resolution of protein-SIP to affiliate labeled proteins, since the 16S rRNA gene of Gaiellaceae
has high similarity with that of species of the genera Thermoleophilum, Patulibacter,

18 indicating even higher similarity in the proteins that are

Conexibacter and Solirubrobacter,’
not differentiable. Similarly, a total of about 40% of the proteins identified as being labeled by
protein-SIP could not be taxonomically affiliated, either due to the limited size of the
metagenome database, or due to the limited size of the identified peptides. However, these
limitations are outweighed by the power of protein-SIP to detect functional proteins allowing
the development of hypotheses about carbon flux in the complex soil microbial community.
Considering the limited size of the metagenome database and the high number of proteins
present in the complex soil samples, we here focused on the phylogenetic origin of proteins

identified by protein-SIP although principally, also degradation pathways can be analyzed if

comprehensive protein data can be obtained.
4.1.5 Bias between cultivation-dependent and cultivation-independent methods

We conclude that different populations are degrading SMX in nature than previously identified
by cultivation approaches in pure cultures. Future work focusing on the molecular monitoring
of antibiotics-degrading populations should include such naturally active populations. In regard
to our methodological approach we conclude that the concurrent application of DNA- and
protein-SIP gives both, better taxonomic resolution and better incorporation sensitivity than
application of one stable isotope approach alone. We hope this contribution supports the
rational design of treatment approaches for sulfonamide-contaminated manure to avoid the
further development and spread of ARGs. More detailed analyses of the genomic potential and
enzymatic properties of Intrasporangiaceae are needed to explain the mechanism of SMX

degradation and to develop a metabolic biotechnical process.
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4.2  Anaerobic transformation of SMX by sulfate-reducing cultures
4.2.1 Transformation of SMX under different redox potentials

In our study, we obtained active and stable anaerobic SMX-transforming cultures under sulfate-
reducing and methanogenic conditions, but sulfate-reducing cultures showed the highest
transformation activity. A study in which behavior of SMX during bank filtration was
investigated also suggested that the fate of SMX is redox-dependent and that SMX was
eliminated more rapidly under anaerobic than under oxic conditions.!”” In fact, SMX was
shown to be abiotically transformed by nitrite!*>!? to 4-nitro-SMX and reduced by Fe(II).!!!
We obtained similar results with the strong reductant Ti(III) citrate. However, SMX does not
readily react with sulfide. This indicates that the reduction of SMX in sulfate-reducing cultures
is not abiotically-mediated by sulfide but that a reaction within the cells in sulfate-reducing
cultures is responsible for SMX transformation. We obtained further evidence for this cell-
mediated SMX reduction by comparing the activity of whole-cells and cell filtrates. Yet, we
have no indication about the cellular processes underlying SMX reduction, but these processes
do not seem to be coupled to energy conservation as we do not see growth based on SMX
reduction. Such SMX-dependent growth would be expected if SMX were a terminal electron
acceptor in an anaerobic respiration. Instead, SMX reduction could be a side reaction of a redox
protein of sulfate-reducing bacteria. This might also explain the observation that SMX was not
reduced under nitrate-reducing conditions, as nitrate would generally raise the redox potential

in the cells.
4.2.2 Generation of transformation products in sulfate-reducing cultures

Our results suggest that SMX is stoichiometrically transformed to two alternative products TP1
and TP2 by the sulfate-reducing cultures. We observed that the ratio of TP1 to TP2 remained
constant during the incubation of one batch of cultures (Figure 25), and none of the two
products did react back to SMX after oxygen exposure. The stable ratio of TP1/TP2 indicates
that TP1 and TP2 are not sequential transformation products but are formed in parallel.
However, screening through the data of all cultures we also observed divergent TP1/TP2 ratios,

and explain these by a different metabolic status of the cells.

We identified TP1 as a product with reductively cleaved isoxazole moiety and TP2 as one with
rearranged isoxazole ring (Figure 23). The fact that these two products can also be detected

during abiotic reduction of SMX by Ti(III) citrate suggests that the transformation is initiated
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by a reductive mechanism. The heterocycle isoxazole possesses the typical properties of
aromatic systems, but it contains a weak nitrogen-oxygen bond with a partially positively
charged nitrogen atom which can be targeted by a nucleophilic attack.?!® Therefore, we propose
anaerobic transformation of SMX is initiated by cleavage of the N-O bond via a nucleophilic
attack by a reducing agent (Rred) on the nitrogen atom; the electron pair of the N-O bond is
captured by the O-H bond in an opened ring that is the common intermediate of TP1 and TP2
(Figure 62). Then the electron pair of the O-H bond is either indirectly transferred along the
molecule to the nitrogen atom to form a primary amino group under the addition of two protons
and the removal of the reducing agent in its oxidized form (Figure 62, upper part); or the
electrons are directly attacking the nitrogen atom leading to the release of the reducing agent
in its reduced form and the formation of a three-membered cyclic structure which undergoes
subsequent reorganization to an oxazole moiety (Figure 62, lower part). A reductive isoxazole
ring cleavage was reported previously in other isoxazole containing pharmaceuticals.??
Besides, it is reported that isoxazole can be thermally or photochemically converted to oxazole
by a ring contraction-ring expansion mechanism, sharing the three-membered cyclic
intermediate we propose.’”’ The different ratios of TP1 to TP2 detected in different cultures
could be due to different redox potentials of reductants in the cultures. The heterocycle
isoxazole plays an important role in medicinal chemistry as it can have a variety of biological
effects.??!?22 Nevertheless, under aerobic conditions the isoxazole moiety of SMX was
recalcitrant and accumulated as dead-end products.®® In our study, we revealed that anaerobic
transformation by sulfate-reducing cultures did transform the pharmaceutically important
isoxazole moiety of SMX and could therefore represent a promising process to avoid the
formation of SMX dead-end products and also to deactivate isoxazole moieties of other

pharmaceuticals.
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Figure 62. Proposed transformation mechanism of SMX to TP1 and TP2. Hypothetical intermediate 1 would be
the common intermediate of TP1 and TP2. R.q) and Rox) represent a reducing agent in its reduced and oxidized

form, respectively.

4.2.3 Toxicity of transformation products from sulfate-reducing cultures

SMX is a bacteriostatic antibiotic inhibiting the synthesis of folic acid. In our study,
transformation products of SMX with the modified isoxazole moiety showed less toxicity than
SMX, and even counteracted the inhibitory effect of SMX. The antibacterial activity of SMX
depends on the sulfanilamide moiety as an analog of p-aminobenzoic acid (PABA), and PABA
is a substrate for the formation of dihydropteroate acid catalyzed by dihydropteroate synthase
(DHPS). The crystal structure of DHPS revealed that the sulfanilamide binding site in the
enzyme forms hydrogen bonds with the NH2 group and one of the oxygen substituents of the
sulfonamide bond.??> Thus, SMX can compete with PABA for dihydropteroate synthase

rendering folic acid deficiency in bacterial cells,?**

and the sulfonamide group in SMX is the
bioactive part for its toxicity. Therefore, we assumed that SMX will lose its antibacterial
activity if the sulfonamide group is destructed. However, in our study, already the modification
of the isoxazole ring which is attached to the sulfonamide nitrogen atom significantly reduced
toxicity of SMX. This can be explained by evaluating the electronic structure of the
sulfonamide group. In SMX the sulfonamide group is electronically connected with the
conjugated electron system of the isoxazole ring, however, in both TPs this electron system is
disrupted. This confirms that indeed the side chain on the sulfonamide significantly influences

the toxicity, a result that is known from the application praxis with the wide variety of different

sulfonamides. The decrease of SMX toxicity by the presence of TP1 and TP2 in our
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experiments is difficult to explain but possible reasons include the interference of the TPs with
SMX transport into the cell or weakening the binding of SMX to dihydropteroate synthase. The
consequence of this antagonistic effect is that even at partial SMX transformation, the toxicity
of residual SMX is decreased, which has significance in both natural and engineered systems.

In the future, we have to study the mechanism of this antagonistic effect in more detail.
4.2.4 Role of sulfate-reducing bacteria in bioremediation

We confirmed sulfide was not involved in the transformation of SMX, as was also not the case
with any other extracellular substances from our SMX-transforming mixed cultures under
sulfate-reducing conditions. Therefore, we hypothesize that other redox active compounds
within the cells might trigger the reaction. D. vulgaris Hildenborough contains multiple redox
proteins like ferredoxin, cytochrome ¢ and proteins involved in sulfate reduction (e.g. dsrC). It
has already been reported that substantial amounts of reduced cytochrome ¢ can be stored in
the periplasm as a reservoir of electrons and also as a linkage between different redox
proteins.!?” Furthermore, the reduction of metal ions like Cr(VI) by D. vulgaris Hildenborough
was reported to be connected with the cytochrome network.!* Besides, other Desulfovibrio
species can reduce and precipitate radioactive element like U(VI) to remove it from the water
body.!**!%7 For our future work to explain the molecular mediators within the cells we need to

focus on the ability of redox proteins for transformation of xenobiotic compounds

4.3 Mechanism of anaerobic transformation of SMX by sulfate-reducing

cultures
4.3.1 Effects of reducing agents/electron donors on transformation of SMX

We tried to calculate the sulfur mass balance in the sulfate-reducing cultures with cysteine as
electron donor and carbon source and sulfate as electron acceptor (Table 13). We found that
detected sulfide in the medium were significantly higher than theoretical values from sulfate
reduction based on amounts of consumed sulfate. The ratio between cysteine and sulfate is
approaching 4:1, as reduction of sulfate need 4 electron pairs, the ratio suggests that cysteine
could provide 1 electron pair as electron donor. Depletion of cysteine was not observed in no-
cell-controls. We assume that parts of detected sulfide is from the cysteine which acts as carbon

source, and sulfur is cleaved from the carbon chain and released in the medium.?*
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Table 13. Sulfur mass balance in sulfate-reducing cultures incubated with cysteine as electron donor and carbon

source.

Total Consumed Sulfide from other
Sulfide Sulfate Sulfide (from sources (probably
(mM) (mM) Sulfate) (mM) cysteine, mM)

1 mM SO4, 4 mM cysteine 2.33 0.60 0.60 1.73
10 mM SO4, 4 mM cysteine 2.40 0.90 0.90 1.50
10 mM SO4, 8§ mM cysteine 3.76 1.90 1.90 1.86
10 mM SO4, 12 mM cysteine  4.87 2.70 2.70 2.17
NSC 2.26 0.40 0.40 1.86
NCC 0.00 0.00 0.00 0.00
Titanium Citrate 0.98 0.96 0.96 0.02

In sulfate-reducing mixed cultures, transformation of SMX was promoted with addition of
reducing agents (cysteine and dithionite) and co-substrate (pyruvate). Besides, in D. vulgaris
cultures, facilitation of SMX transformation was also observed with the presence of lactate.
Therefore, we propose that addition of electron donors in sulfate-reducing cultures can
significantly promote transformation of SMX. As SMX transformation was identified as an
enzymatic reduction process, it is considered that the transformation degree is related with
available reducing equivalence in cells. The high carbon isotope fractionation (Figure 60)
observed in anaerobic transformation of SMX indicates that the transformation process may
occur in the periplasm. The energy metabolism linking periplasmic dehydrogenase to the
cytoplasmic terminal reductase in sulfate-reducing bacteria displays differences with other
anaerobic respiration.*® Several membrane-bound electron transfer complexes were identified
in sulfate-reducing bacteria,??’ they can channel electrons from the periplasm and quinone pool
to APS reductase and sulfite reductase. Besides, a pool of numerous periplasmic cytochromes
c is distinct in D. vulgaris. With the presence of these periplasmic and membrane—bound
electron transfer proteins, we hypothesize that the electrons from oxidation of electron donors

could be directed to reductive transformation of SMX.

We also tried to quantify the relationship between electron donors and SMX transformation. In
D. vulgaris cultures we observed positive correlation between lactate consumption and SMX
transformation, and ratio is estimated to be 500:1, indicating that only small amounts of
electrons generated from lactate oxidation are used for reductive transformation of SMX. We
assume that SMX transformation may occur in parallel with sulfate reduction, while we also
observed continuous transformation of SMX after sulfate reduction stopped. The explanation
could be that the electrons are stored and slowly released, but we do not have direct evidence

on how this process could occur.
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4.3.2 SMX acts as cometabolic electron acceptor in sulfate-reducing cultures

The initial purpose of enrichment cultivation is to obtain active cultures utilizing metabolic
process for SMX transformation, hence our medium with sulfate as electron acceptor did not
contain additional carbon source and electron donor. However, based on the structures of the
two identified transformation products, no loss of carbon atoms was detected during SMX
transformation. SMX accepts two electrons during transformation. Therefore, SMX can neither
act as carbon source nor electron donor during the transformation process, and we already
revealed that reducing agent cysteine was electron donor and carbon source in the mixed
sulfate-reducing cultures. No significant growth of cells was observed during transformation
of SMX, it may indicate that even though SMX could be electron acceptor it cannot support
cell growth. The reductive transformation of SMX may not be involved in energy conservation,
but plays a role in recycling of redox cofactors, e.g. NADH. Based on the available results,

SMX could act as a cometabolic electron acceptor in the ulfate-reducing cultures.
4.3.3 Toxicity of SMX on mixed sulfate-reducing cultures and D. vulgaris

SMX is a bacteriostatic antibiotic which can inhibit cell growth. Our results show that SMX
can suppress the transformation activity of mixed sulfate-reducing cultures, as we observed
that the cultures need longer lag phase with higher concentrations of SMX. However, the
similar toxic effects of SMX were not observed in active D. vulgaris cultures even with the
highest concentrations of SMX (Figure 47). In contrast, in another batch of D. vulgaris cultures
with inocula from late stationary phase, longer lag phase and inhibition of cell growth were
also observed (Figure 42). We propose that the effect of SMX on sulfate-reducing cultures are
based on the status of cells, the more metabolically active of the cells the more resistance they
display against SMX. Inhibition of cell growth is attributed to competitive inhibition of
dihydropteroate synthase (DHPS) by SMX, as an analogue of precursor of folic acid: PABA.
Metabolically active cells may contain enough amounts of DHPS, which could relieve the
competitive pressure from the presence of SMX, resulting in less inhibition on cell growth. For
sulfate-reducing mixed cultures, subculture was established only after at least half spiked SMX
was transformed, to assure the presence of SMX-transforming bacteria in the mixed cultures,
but the cells may already enter the stationary phase causing less resistance to SMX in the next
passage. Hence, cell’s metabolic status may trigger different response of cells to SMX. The
fact may also explain the discrepancies of SMX’s fate in natural environment and engineered

systems reported in literatures.
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4.3.4 Intact-cell activity test

Intact-cell activity test directly correlate transformation of SMX with cells’ metabolic status.
Heat-denatured cells lost transformation activity, indicating the important role of proteins play
in SMX transformation. Besides, the transformation activity of disrupted cells decreased
significantly compared with the intact cells, indicating that transformation of SMX may depend
on functions of intact protein complexes or couple with energy consumption/generation. It is
not clear whether disruption of cells completely destroys transformation activity or parts of
activity is still maintained after disruption, as the activity we detected in crude extracts could
come from small amounts of remained intact cells. Furthermore, exponential phase cells
showed significantly higher SMX transformation than that of stationary phase cells, the
explanation could be that during exponential phase more transformation related proteins are

expressed.”?8

However, no promotion of transformation activity was observed in SMX
acclimated cells, indicating that the presence of SMX does not induce the expression of
transformation related proteins, which is in line with the results from cultivation experiments

that transformation of SMX is a cometabolic process.

4.4 CSIA to assess SMX attenuation

4.4.1 Distinctive carbon and hydrogen isotope features in anaerobic transformation of

SMX

In anaerobic transformation of SMX, we observed distinct carbon and hydrogen isotope
fractionations compared with microbial aerobic degradation, photolysis and oxidation (Table
14).384046 The . value (-5.840.7%o0) characterizing anaerobic transformation of SMX, was
much higher than that of aerobic degradation by Microbacterium sp. strain BR1 (-0.6+0.1%o).
The different mechanisms of aerobic and anaerobic transformation may result in diverse
observed carbon fractionations. The activation step for anaerobic transformation by D. vulgaris
is reductive cleavage of N-O bond while aerobic degradation by Microbacterium sp. is initiated
by ipso-hydroxylation. Apart from mechanism differences, the much higher observed ¢ value
for anaerobic transformation could also be attributed to less masking effect caused by mass

O The anaerobic

transfer for periplasmic process compared with cytoplasmic process.'®
transformation was proposed as a periplasmic process referring to that periplasmic cytochrome
¢ in Desulfovibrio can reduce heavy metals.!3>!47-20> In contrast, for aerobic degradation

Ricken et al. proposed that cytoplasmic NADH-dependent monooxygenase catalyzed
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hydroxylation of SMX,?* which could induce stronger masking effect and lower observed &¢
value. The reported ¢ value for direct photolysis was also lower than the one we observed for
anaerobic transformation, and the &¢ value depended on wavelength and pH values. At pH 5
and 7.4 using artificial sunlight with a wavelength range of 300—800 nm the &; values
were -3.0+£0.1%o0 and -2.040.1%o, respectively (Table 14). However, direct photolysis with
short UV wavelength (254 nm) caused trivial (up to 0.8+0.1) to no observed carbon
fractionations. The wavelength between 310-600 nm which may be relevant for sunlight at the
surface at sea level gave &¢ values as -3.9+0.1%o and -4.8+0.1%o0 depending on the pH value.
At pH 3 the most abundant photolysis product contains rearranged isoxazole ring which has
the same structure as TP2 detected in anaerobic transformation by D. vulgaris, and the observed
ec value was -4.840.1%0 approaching the carbon fractionation range in anaerobic
transformation (-5.8+0.7%o). Therefore, we propose that the formation of TP2 causes the large
carbon isotope fractionation during anaerobic transformation of SMX. The chemical reactions
(e.g. photolysis and oxidation) are not selective like enzymatic reactions, cleavage at various
positions undergoes simultaneously resulting in different degradation products, so that the
observed &¢ values are derived from mixture of different mechanisms and depend on ratios of
products,*® which could explain the varying &: values observed during photolysis and

oxidation and relatively lower & values compared with that of anaerobic transformation.

This is the first study to report hydrogen isotope fractionation of SMX, as no hydrogen isotope
data was available for SMX via HPLC-IRMS in previous studies.>®*** No hydrogen atom is
directly involved in the bond cleavage according to the proposed mechanism (Figure 63),%%
thus, the observed hydrogen isotope fractionation of SMX should be caused by secondary
isotope kinetic effects. We assume that the substituted hydrogen atom at C4 atom (mark red in
Figure 63) contribute to the change of hydrogen isotope composition during formation of TP2
intermediate, as the three-membered-ring in TP2 intermediate increased the available
oscillation space for above-mentioned hydrogen atom, and this circumstance is preferred by
light hydrogen.”®® High uncertainties were observed in hydrogen isotope values with low
concentrations of SMX, while we observed good correlation between hydrogen and carbon
isotope compositions, which could confirm the observed hydrogen isotope fractionation during
anaerobic transformation. This is also the first dual-element isotope fractionation study for
SMX, there is no reported lambda value available from literature to compare with that obtained

in our study. Dual-element isotope analysis of SMX provides more possibilities to characterize

transformation processes, whereas previous studies by HPLC-IRMS*® and HT-LC-IRMS
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methods'®

are only capable to analyze carbon isotopes for sulfonamides, as analysis of other
elements is limited by available efficient conversion steps. Isotope data for other elements are
also crucial for investigating SMX transformation. For example, by screening photolysis

products Willach found that apart from carbon*

other atoms like N and S are also directly
involved in bond cleavage for products formation, therefore, multiple element isotope analysis
is essential. Nevertheless, in our study we show that dual-element analysis of SMX is feasible,
and the lambda values of different processes could be used for assessment of SMX attenuation

in field studies.
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Table 14. Bulk enrichment factors (&¢ pyk), AKIE and Lambda values for the aerobic degradation of SMX by Microbacterium sp., anaerobic

transformation of SMX by D. vulgaris Hildenborough and abiotic transformation of SMX including photolysis and oxidation.

Microbial and abiotic Initial g Cbulk [%o], (R"2) AKIE C ¢ Hbulk [%o], AKIE H AH/C, Reference
transformation of SMX concentration (R*2) (R™2)
of SMX [uM]
D. vulgaris 100 -5.840.7 (0.98) 1.029+0.003  -33.8+9.2 (0.81) 1.469+0.170 5.14£3.2 This study
Hildenborough (0.77)
Microbacterium sp. 500 -0.6+0.1 (0.86) 1.006+0.001 N.D. N.D. N.D. 38
strain BR1
Direct photolysis at PH 1000 -2.0£0.1 (0.94) 1.021£0.002 N.D. N.D. N.D. 38
7.4
Direct photolysis at PH 5 1000 -3.0£0.1 (0.95) 1.031+0.004 N.D. N.D. N.D. 38
Direct photolysis at PH 3 790 0.8+0.1 (LP 254 nm), N.S. N.D. N.D. N.D. N.D. 40

(MP, 200-600 nm), -4.8+0.1
(MP 310-600 nm), -1.9+0.1
(HP 220-500 nm)
Direct photolysis at PH 8 790 N.S. (LP 254 nm), N.S. (MP, N.D. N.D. N.D. N.D. 40
200-600 nm), -3.9+0.1 (MP
310-600 nm), -2.2+0.2 (HP
220-500 nm)
Oxidation at PH 3 790 -1.240.1 (03), -2.240.1 N.D. N.D. N.D. N.D. 46
(03+DMSO0), -0.80. 1
(CI02)
Oxidation at PH 8 790 N.S. (03), N.S. N.D. N.D. N.D. N.D. 46
(03+DMSO), -1.30.1
(Cl02)

N.D. means not detected or not available in the related studies; N.S. means the isotope fractionation is not significant under these conditions; LP
represents low pressure irradiation source, MP represents medium pressure irradiation source and HP represents high pressure irradiation source.
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4.4.2 Apparent kinetic isotope effect (AKIE) in anaerobic transformation of SMX

According to the previously proposed anaerobic transformation mechanism,?* the activation
step is reductive cleavage and electron rearrangement of isoxazole ring. Anaerobic
transformation of SMX is initiated by nucleophilic attack at N atom and the common
intermediate is generated after cleavage of N-O bond, followed by electron rearrangement
undergoing two different pathways (Figure 63). Therefore, the corresponding AKIE values for
carbon and hydrogen (AKIEc and AKIEn) were calculated based on the equations (7), (8) and
(9) and compared with reported values from microbial aerobic degradation and chemical

reactions in Table 14.

2 out of 10 carbon atoms are at the reactive positions

10
Oreactive positionzsbulk X rY (7N

And 1 out of 11 hydrogen atoms is located at the reactive position

11

Oreactive positionzsbulk X T (3

Based on mechanism in Figure 63, the number z is 1 for both carbon and hydrogen atoms

during the formation of TP1 intermediate and TP2 intermediate.

AKIE= ! (9)

141 X Ereactive position/1000

The AKIEc value for anaerobic transformation by D. vulgaris was 1.029+0.003, which is
significantly different from that of aerobic degradation by Microbacterium sp. strain BR1 as
1.006+0.001 (Table 14). Hence, the AKIEc values obtained in our study further support that
anaerobic transformation utilizes different mechanism than that of aerobic degradation. The
AKIEc value for aerobic degradation (upon ipso-hydroxylation) fits in the same range of
aromatic ring hydroxylation of BTEX (AKIEc (benzene) =1.005+0.001, AKIEc (toluene) =
1.006+0.001)!7323! and the theoretical range for epoxidation-like C=C bond cleavage
(AKIEc=1.00 to 1.01).'%* AKIEc (1.029+0.003) for anaerobic transformation is close to the
reported value of anaerobic biodegradation of p-cresol by sulfate reducing bacteria
(AKIEc=1.028),'%3%32 and also fits in the theoretical range of oxidation of C=C bonds with

permanganate via dihydroxylation (1.025-0.028).!°3233 In this study, we also obtained AKIEx
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value for anaerobic transformation of SMX as 1.469+0.170, but there are no reported AKIEn

values for SMX in literatures.
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Figure 63. Initial reactions of anaerobic transformation of SMX by D. vulgaris Hildenborough activated by a

reducing agent Rrq). Elements in red represent atoms at the reactive positions.

4.4.3 Carbon isotope features of transformation products

We also tried to analyze the isotope features of transformation products to identify which
pathway (TP1 pathway or TP2 pathway) triggers the carbon isotope fractionation. Peaks of
TP1 and TP2 were not detected under hydrogen isotope analysis mode as the amounts of
products were not sufficient. Only TP1 peak was detected under carbon isotope analysis mode
and the structure of TP1 was confirmed by GC-MS (mass spectra not shown). We observed
that the carbon isotope ratios of TP1 kept consistent during transformation of SMX (Figure
64). The fact indicates that the formation of TP1 did not contribute to the fractionation of SMX,
which is in line with what we proposed in Figure 63 that only the formation of TP2 induced

carbon fractionation of SMX.
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Figure 64. 5'3C/'2C value of TP1 during anaerobic transformation by Desulfovibrio vulgaris Hildenborough at

different sampling points.
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5 Conclusions and outlook

Conclusions

Key players for SMX degradation and transformation under aerobic and anaerobic conditions
were identified in our study. In pig-farm impacted soil, we detected mineralization and
assimilation of SMX under aerobic conditions. The complementary results from DNA- and
protein-SIP revealed that the bacteria Intrasporangiaceae were the dominant players for SMX
assimilation, indicating that non-cultivable bacteria may play a key role in SMX degradation
in the real environment. In sediment and digester sludge, sulfate-reducing bacteria showed high
activity in transformation of SMX. Transformation products in sulfate-reducing cultures were
identified as reduced and isomerized form of the isoxazole moiety, showing less antibacterial
activity than SMX. We revealed that anaerobic transformation of SMX by sulfate-reducing
bacteria was a detoxification process. Population analysis indicated that Desulfovibrio as
dominant bacteria in SMX-transforming cultures may act as key players, the assumption was
then tested on pure strain D. vulgaris Hildenborough and the same transformation products
were detected. Further experiments showed that anaerobic transformation of SMX by D.
vulgaris was a cometabolic process, and addition of electron donor can promote the
transformation. Besides, significant carbon and hydrogen isotope fractionations were observed
during anaerobic transformation of SMX by D. vulgaris. In addition, our work also made
progress in methodology. We developed protein-SIP method combined with metaproteomics
database for soil microbiology, and revealed that protein-SIP was more sensitive than DNA-
SIP in tracing incorporation of labeled atoms, while DNA-SIP was more precise in identifying
phylogenetic information. Instead of HPLC-IRMS, we developed GC-IRMS method without
derivatization for analyzing carbon and hydrogen isotope compositions of SMX, overcoming
the limit of HPLC-IRMS on measurement of hydrogen isotope. The current work allowed a
better understanding of microbial removal of SMX, and could enhance fate prediction of SMX

in the environment and further contribute to the bioremediation of SMX.
Outlook

To further investigate the degradation capacity of the in-situ SMX-degraders, we can try to
isolate and cultivate Intrasporangiaceae from the pig-farm impacted soil. However, the
conventional enrichment cultivation in minimal salt medium with SMX as sole carbon source
was already conducted in parallel with SIP experiment and we did not successfully enriched

Intrasporangiaceae. Hence, we may need a novel -cultivation method to isolate
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Intrasporangiaceae, such as a recently reported culturing chip, which can facilitate culturing
of uncultivable bacteria from aquatic environment.”** In our SIP experiment, we incubated
B3C6-SMX with soil to identify key players, while the unlabeled carbon on the isoxazole ring
was not traced, in this way, we could not trace bacteria attacking and assimilating the isoxazole
ring of SMX, therefore, we can try to apply *C-fully labeled SMX for the SIP incubation in
the future.

To reveal the transformation mechanism of D. vulgaris on the molecular basis, we can try to
test the transformation activity of different protein fractions. The protein fractions can be
obtained by different techniques including FPLC (fast protein liquid chromatography),
ultrafiltration and Blue Native PAGE. In order to identify the functional proteins responsible
for SMX transformation, the composition of active protein fractions can be analyzed by high

resolution mass spectrometry.

Instead of cometabolic transformation of SMX by sulfate-reducing bacteria, we can try to
enrich anaerobic cultures which can transform SMX metabolically. We assume that the aimed
enrichment cultures can respire the sulfonamide group in SMX as electron acceptor for energy
conservation, theoretically, the cultures could grow on a wide range of sulfonamide antibiotics,
as the sulfonamide group is the essential and functional structure of these antibiotics. Besides,
we can also test the SMX transformation activity of various groups of sulfate-reducing bacteria,
to investigate whether reductive transformation is the common property of sulfate-reducing

bacteria.

We can try to develop a GC-IRMS method to analyze the nitrogen isotope of SMX, as the
initial attack of anaerobic transformation occurs on the N-O bond of the isoxazole ring. With
the method we can study nitrogen isotope fractionation of SMX during different removal

processes including aerobic degradation, anaerobic transformation or photolysis.

We could also scale up our results obtained from laboratory-scale cultivation, we can try to
monitor the two transformation products by sulfate-reducing cultures in the real anaerobic
environment, and monitor the carbon and hydrogen isotope compositions of SMX to estimate

the removal extent of SMX.
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Supporting information

Table S1. Number of shifted OTUs identified by comparing labeled and unlabeled samples for each fraction in a
CsCl density gradient after ultracentrifugation. Buoyant density increased linearly from fraction 7 (lightest) to
fraction 1 (heaviest). Among the significantly shifted OTUs, we define enriched OTUs as the ones which show
higher relative abundance in labeled samples, and diminished OTUs as the ones which show lower relative

abundance in labeled samples.

Number of
significantl
8 Y Number of
shifted OTUs Number of .
. diminished OTUs
Number of total (significantly enriched OTUs
(higher population
Fraction  OUTs in the 1*C- different (higher population

share in the 2C

SMX treatment population share  share in the 1*C than
than in the 3C

between '’C-and  in the '*C treatment)

BC.SMX treatment)
treatment)
7
(lightest) 12075 73 44 (60%) 29 (40%)
ightest
6 9467 7 3 (43%) 4 (57%)
5 11228 22 11 (50%) 11 (50%)
4 13401 20 18 (90%) 2 (10%)
3 19464 86 63 (73%) 23 (27%)
2 13906 34 28 (82%) 6 (18%)
1
(heaviest) 13359 19 17 (89%) 2 (11%)
eaviest
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Table S2. Quantification of SMX and transformation products in cultures shown in Figure 20 including initial

concentrations and concentrations after 14 months of incubation.

Nominal Measured Measured Calculated Transformation Measured Measured

SMX conc. SMX conc. SMX conc. TP conc. degree SMX conc. SMX conc.
day 0 day 0 after 14 months after 14 months'  after 14 months NCC, day 0 NCC, 14 months

100 uM 88 uM 10 pM 78 uM 89% 105 uM 116 uM

150 uM 160 uM 18 uM 142 uM 89% 170 uM 192 uM

250 uM 254 uM 21 uM 233 uM 92% 259 uM 267 uM

400 uM 410 uM 91 uM 319 uM 78% 433 uM 441 uM

600 pM 579 pM 377 uM 202 uM 35% 594 pM 602 uM

750 uM 724 uM 657 uM 67 uM 9% 760 uM 792 uM

lassumed to be equivalent to the concentration of transformed SMX. Abbreviations: conc — concentration, TP —

transformation product, NCC — no cell control

Table S3 SMX and SMX transformation products in sulfate-reducing cultures detected by UPLC-MS/MS

RT Precursor Fragment ions Difference Molecular
(min) ion [M+H]* (m/z) to SMX formula
(m/7)
92.05, 99.06, 108.04, 110.06,
SMX 8.02 254.06 CioH1103N3S
156.01
92.05, 101.07, 108.04, 110.06,
TP1 6.16 256.07 +2H CioH1303N3S
156.01
92.05, 99.06, 108.04, 110.06,
TP2 6.96 254.06 156.01 -- CioH11O3N3S
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Table S4. GC-MS signals of SMX and the corresponding by-products generated during the measurement

. . Percentage Average
Injector Retention Percentage of Sum of by-
temp. [°C] Time Area Compound of three products
compounds measurements
180 33.0 3.01E+09 SMX 100 100
32.9 4.50E+09 SMX 100
32.9 4.27E+09 SMX 100
200 28.4 7.15E+07  Sulfanilamide 1.54 1.89 2.52
28.8 2.78E+07 4-aminothiophenol 0.6 0.63
33.0 4.51E+09 SMX 97.84 97.48
28.4 7.36E+07 Sulfanilamide 1.78
28.8 2.73E+07 4-aminothiophenol  0.66
33.0 4.03E+09 SMX 97.55
28.4 9.89E+07  Sulfanilamide 2.38
28.8 2.59E+07 4-aminothiophenol  0.62
33.0 4.02E+09  SMX 96.98
220 28.4 2.48E+08 Sulfanilamide 4.95 4.94 5.4
28.8 2.30E+07 4-aminothiophenol  0.45 0.46
33.0 4.74E+09 SMX 94.58 94.6
28.4 2.31E+08 Sulfanilamide 4.71
28.8 2.14E+07 4-aminothiophenol 0.43
33.0 4.64E+09 SMX 94.8
28.4 2.31E+08 Sulfanilamide 5.17
28.8 2.13E+07 4-aminothiophenol  0.47
33.0 4.21E+09 SMX 94.34
240 28.4 2.76E+08 Sulfanilamide 7.34 4.95 5.37
28.8 1.89E+07 4-aminothiophenol 0.5 0.42
32.9 347E+09 SMX 92.14 94.63
28.4 1.74E+08 Sulfanilamide 4.08
28.8 1.71E+07 4-aminothiophenol 0.4
32.9 4.06E+09 SMX 95.51
28.4 1.47E+08  Sulfanilamide 3.63
28.8 1.47E+07 4-aminothiophenol  0.36
32.9 3.89E+09 SMX 95.99
260 28.4 1.56E+08 Sulfanilamide 3.74 2.15 2.38
28.8 1.07E+07 4-aminothiophenol  0.25 0.23
32.9 4.00E+09 SMX 95.99 97.62
28.4 6.79E+07  Sulfanilamide 1.63
28.8 8.06E+06 4-aminothiophenol 0.19
32.9 4.09E+09 SMX 98.17
28.4 4.40E+07 Sulfanilamide 1.06
32.9 4.07E+09  SMX 98.93
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