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Tomáš Řezanka a , Jǐrí Zahradník b, Sofía G. Zavala-Meneses a , Helena Marešová a ,  
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• Genome annotation and proteomic 
analysis revealed catabolism of SMX.

• Whole-cell catalytic bioremediation of 
SMX by Kocuria rhizophila SA117.

• Thirty metabolites of 13C6 and 2H3- 
labeled SMX were identified as meta
bolic intermediates.

• Non-toxic metabolites of the Krebs cycle 
are formed by the degradation of SMX.
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A B S T R A C T

Sulfamethoxazole (SMX) and its residues exhibit high environmental persistence due to their resistance to 
conventional degradation processes. The bacterial strain Kocuria rhizophila SA117, isolated from polluted soils, 
was characterized biochemically, phylogenetically, and − omically. Herein, we describe a complete degradation 
pathway for SMX and determine two putative pathways: cleavage of the benzene ring and the degradation of the 
substituted isoxazole, leading to the formation of non-toxic Krebs cycle metabolites. Based on molecular struc
tures containing 13C6-labeled carbons and 2H3 atoms, thirty metabolites were identified by high-resolution 
tandem mass spectrometry. Genomic and proteomic analysis of strain SA117 revealed its ability to perform a 
wide range of metabolic activities under sulfamethoxazole selective pressure. These activities include energy and 
sulfur metabolism, adaptation to stress conditions, and catabolism of aromatic compounds. This study has greatly 
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enhanced the understanding of microbial sulfonamide degradation and highlighted the potential of the bacte
rium Kocuria in remediation strategies.

1. Introduction

Antibiotics are extensively used to treat diverse infectious diseases 
affecting humans and animals. This widespread use contributes to their 
pervasive presence in the environment, posing potential risks to human 
health. The introduction of antibiotics into the environment primarily 
occurs mainly through human and animal excreta, leading to their 
accumulation in wastewater (Karthikeyan & Meyer, 2006; Gibs et al., 
2013; Wang & Wang, 2018). The effectiveness of conventional processes 
in wastewater treatment plants (WWTPs) in removing antibiotics is 
limited, resulting in their prolonged release and accumulation in the 
environment (Falås et al., 2016). Moreover, this persistence creates se
lective pressure on native organisms and may increase antibiotic- 
resistant bacteria and the spread of antimicrobial resistance genes 
(Rauseo et al., 2021).

Sulfonamides are an important class of synthetic antimicrobials with 
broad applications, such as antimicrobial, antidiabetic, diuretic, anti
convulsant, and herbicidal agents. Sulfamethoxazole (SMX), recognized 
as one of the most widely prescribed sulfonamides, effectively eradicates 
pathogens and treats infections caused by the Enterobacteriaceae family 
(Shah et al., 2013). The extensive consumption, chemical recalcitrance, 
and long half-life contribute to its persistence and frequent detection in 
various wastewaters, specifically in the ng/L-µg/L range in municipal 
WWTPs and reaching concentrations up to mg/L in hospital wastewater 
(Tian et al., 2019).

Several remediation technologies, including adsorption, ozonation, 
photolysis, and chemical or electrochemical oxidation, have been used 
for SMX removal (Wang et al., 2016; Hong et al., 2020). However, these 
technical strategies generate toxic byproducts, and elevated costs and 
economic inefficiencies associated with these methods may impede their 
integration into routine WWTP processes. Compared with these treat
ment technologies, microbial biodegradation emerges as a more envi
ronmentally friendly and cost-effective alternative, demonstrating 
versatility in application. Up to date some bacterial strains have been 
proved to be able to degrade SMX efficiently, like Sphingobacterium 
mizutaii LLE5 (Song et al., 2021), Achromobacter denitrificans PR1, 
Microbacterium sp. strain BR1, Pseudomonas chrysosporium, P. stutzeri, 
Acinetobacter sp. (Nguyen et al., 2018; Wang & Wang, 2018), Rhodo
coccus equi (Larcher and Yargeau, 2011), Bacillus cereus (Dong et al., 
2022) and P. silesiensis (Liu et al., 2022).

Limited information is available on the structure of the non-toxic 
biodegradation products of SMX, as most reports focus only on micro
organisms that reduce the contaminant of the parent compound. Three 
putative SMX degrading pathways have been reported so far: (1) the 
hydrolysis of sulfonamide S–N bond; (2) the N–O bond of isoxazole 
ring breaking and subsequent degradation; (3) deamination, hydroxyl
ation, acetylation, and nitration (Herzog et al., 2013; Jia et al., 2017, 
Wang & Wang, 2018). Similarly, the various intermediates formed 
during the SMX biodegradation have been described. The structure of 
these metabolites can be divided into two main groups. The first group 
includes SMX modifications such as hydroxylation of the benzene ring or 
isoxazole (Mulla et al., 2018; Hou et al., 2022), reactions of the aromatic 
amino group (Nunes et al., 2020; Liu et al., 2022) or replacement of the 
amino group by glucuronic acid (Wang et al., 2021). The second group 
consists of low molecular weight metabolites formed during the 
biodegradation of SMX. However, all these metabolites are only partial 
intermediates, such as 1-aminophenol, benzene-triol, hydroquinone, or 
aminomethylisoxazole. Complete biodegradation by a single bacterial 
strain, except for metabolites formed during the early stages of the 
degradation process, has not yet been described.

Although SMX biodegradation has been extensively studied, many 

crucial aspects are still missing. This study describes the multi-omics 
background of the putative SMX degradation pathways by the fully 
characterized bacterium Kocuria rhizophila SA117, which has not yet 
been described as a potential degrader. The degradation pathways were 
designed based on metabolites identified by high-resolution tandem 
mass spectrometry (HR-MS/MS) and pyrolysis gas chromatography 
mass spectrometry (Py-GC–MS) using commercially available carbon- 
labeled (13C6-SMX) and deuterium-labeled (2H3-SMX) molecules (syn
thesized in the laboratory). Moreover, our findings were supported by 
the identification of several genes and proteins involved in the catabo
lism of aromatic compounds; thus, they are potentially involved in the 
degradation of SMX. Our results provide a very detailed insight into the 
issue of microbial metabolism under drug-induced stress conditions and 
thus support the ability to apply this degrader in bioremediation stra
tegies, especially of sulfonamides, in various ecosystems.

2. Materials and methods

2.1. Chemicals

Standards of the molecules 4-amino-N-(5-methyl-3-isoxazolyl)ben
zenesulfonamide (SMX) and 4-amino-N-(5-methyl-3-isoxazolyl)benze
ne-13C6-sulfonamide (13C6-SMX) were purchased from Molekula Group 
(München, Germany) and Sigma-Aldrich (St. Louis, MO, USA), respec
tively. A sample of 3,5,4́́-[2H3]-sulfamethoxazole (2H3-SMX or D3-SMX) 
was prepared according to a previously reported procedure (Heinkele & 
Mürdter, 2007). Briefly, SMX (1.198 g) was dissolved in D2O and D2SO4 
and refluxed for 3 days. The reaction mixture was then extracted with 
ethyl acetate, dried, and recrystallized from ethanol. The procedure 
yielded 349 mg (29 %) of the title compound. High-resolution mass 
spectrometry (ESI+): calculated for C10H9D3N3O3S [M + H]+, 257.0782; 
found, 257.0769. The structure was verified by nuclear magnetic reso
nance (NMR). 1H and 13C NMR data were consistent with the previously 
published ones (Heinkele & Mürdter, 2007) (see Supplementary 
Material).

The solvent dimethyl sulfoxide (DMSO) required for stock solutions 
of SMX compounds was obtained from Penta Chemicals s.r.o. (Prague, 
Czech Republic). Other chemicals and reagents used in the analysis were 
of high analytical grade and obtained from Sigma-Aldrich. Media com
ponents were purchased from HiMedia Laboratory (Maharashtra, India).

2.2. Media and culture conditions

Luria-Bertani (LB) culture medium composed of 10 g/L tryptone, 5 
g/L yeast extract, and 10 g/L NaCl was used for the pre-inoculum culture 
of the isolates. Selected isolates were screened for co-metabolic activity 
in minimal medium (M9) containing 0.5 g/L NaCl, 3.0 g/L K2HPO4, 
14.62 g/L Na2HPO4, 1 g/L NH4Cl supplemented with trace elements 
(M9TE; in mg/L: 200 MgSO4⋅7H2O, 10 CaCl2⋅2H2O, 6.6 ZnSO4⋅7H2O, 
0.17 MnSO4⋅4H2O, 1.5 FeSO4⋅7H2O, 0.48 CoCl2⋅6H2O, 0.47 
CuSO4⋅5H2O, and 0.45 Na2MoO4⋅2H2O) and yeast extract (4 g/L; 
M9TEYE). SMX was added from stock solutions (5 mg in 0.5 mL of 
DMSO) to a 100 mg/L final concentration. To prepare solid media for 
screening and short-term maintenance, 22 g/L agar was added to LB and 
M9 media.

For the preparation of the whole-cell catalyst, biomass from pre
cultures grown in LB medium (24 h at 28 ◦C) was harvested by centri
fugation (10, 000 × g, 15 min, 10 ◦C), washed and resuspended in M9TE 
to a final concentration of 10 % (wet weight). The biodegradation study 
was performed as follows: 3 mL of the biomass was added into multiwell 
cell culture plates and supplemented with SMX, 13C6-SMX, and 2H3- 

T. Řezanka et al.                                                                                                                                                                                                                                Bioresource Technology 435 (2025) 132912 

2 

http://St.+Louis%2c+MO%2c+USA


SMX. The reaction mixtures (in triplicate) were incubated on an orbital 
shaker (190 rpm) at 28 ◦C for 72 h. SMX, 13C6-SMX, and 2H3-SMX were 
added from stock solutions (5 mg in 0.5 mL of DMSO) to a 100 mg/L 
final concentration. For comparative proteomics experiments, 3 mL 
samples of the whole-cell catalyst were supplemented with glycerol (2 
g/L), DMSO (1 v/v), or SMX (100 mg/L dissolved in DMSO) and culti
vated (in triplicate) on an orbital shaker (190 rpm) at 28 ◦C for 72 h.

2.3. Isolation of SMX-tolerant strains

Soil samples were collected in the locality of Třeboň, Czech Republic, 
from a site contaminated with sewage sludge from a nearby WWTP 
(49.0322278N, 14.7556283E). Microorganisms were isolated using 5 g 
of soil subjected to a three-step enrichment in LB medium (28 ◦C, 24 h, 
200 rpm). The resulting cultures were used for serial dilutions (101 – 
106), and 0.1 mL of dilutions 104 and 106 were plated on solid M9 
medium supplemented with SMX at a concentration of 100 mg/L. After 
48 h of incubation at 28 ◦C, single colonies displaying distinct mor
phologies were transferred from agar plates to flasks containing 100 mL 
of M9TEYE liquid medium supplemented with SMX (100 mg/L) and 
cultured at 28 ◦C for 72 h. Cultures that emerged under the intensive 
selective pressure of SMX were subjected to morphological and 
biochemical characterization and screened for the potential degradation 
of SMX using spectrophotometric analysis (see Supplementary 
Material).

2.4. Phylogenetic identification and genome annotation

The isolate SA117 was grown overnight in LB media, and for 
genomic DNA extraction, the ZymoBIOMICS DNA Miniprep Kit (Zymo 
Research) was used following the manufacturer’s instructions. Whole- 
genome sequencing and genome assembly was performed by an 
external facility (SEQme s.r.o, Dobří̌s, Czech Republic) using the Illu
mina NovaSeq platform. The genomic sequencing data was uploaded to 
the Type (Strain) Genome Server (TYGS, https://tygs.dsmz.de) for a 
whole genome-based taxonomic analysis. Pairwise sequence similarities 
were calculated by the TYGS server using Genome BLAST Distance 
Phylogeny (GBDP), and accurate inter-genomic distances were inferred 
under the algorithm “trimming” and distance formula d5 (Meier-Kolth
off & Göker, 2019). The phylogenetic tree was constructed using the 
genomes of isolate SA117 and related taxa and inferred with FastME 
2.1.6.1 from GBDP distances calculated from genome sequences. The 
digital DNA-DNA hybridization (dDDH) values between strain SA117 
and the ten closest related strains were calculated using the Genome-to- 
Genome Distance Calculator (GGDC) v3.0 (https://ggdc.dsmz.de) 
(Meier-Kolthoffet al., 2022).

Additionally, average nucleotide identity (ANI) values between the 
isolate SA117 and 23 representative complete genomes of related spe
cies were estimated through pairwise genome alignment based on ANI- 
Blast (ANIb) and ANI-MUMmer (ANIm) algorithms available within the 
JspeciesWS web service (Richter et al., 2016).

The Rapid Annotation using Subsystem Technology server version 
2.0 (RAST; https://rast.theseed.org, accessed on March 15, 2024) per
formed the functional annotation, gene calling, and gene mapping (Aziz 
et al., 2008). This Whole Genome Shotgun project has been deposited at 
DDBJ/ENA/GenBank under the accession JBNWVJ000000000. The 
BioProject ID in GenBank is PRJNA1263454.

2.5. Analysis of SMX metabolites by shotgun mass spectrometry

The whole-cell catalyst of K. rhizophila strain SA117 was cultured in 
M9TE medium supplemented with SMX, 13C6-SMX, and 3,5,4́’-[2H3]- 
SMX (final concentration of 100 mg/L). Intermediates of the SMX 
metabolic pathway were extracted from cell cultures as described by 
(Palyzová et al. 2019). Briefly, a 0.5 mL sample was extracted with 0.5 
mL of tert-butyl methyl ether under vigorous shaking on a vortex mixer 

(10 min). The organic and water phases were separated by centrifuga
tion (12,000 × g for 10 min). The organic phases were used for high- 
resolution electrospray ionization mass spectrometry (HRESI). An 
LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, San 
Jose, CA, USA) equipped with a heated electrospray interface was 
operated in positive and negative ionization modes. The mass spec
trometry scan range was performed in the Fourier transform cell and 
recorded within a window between 50 and 300 Da. The mass resolution 
was set to 105,000, and the ion spray voltage was set at 3.5 kV (in 
positive ionization mode) and − 2.5 kV (in negative ionization mode). 
Both ionization modes used the following parameters: sheath gas flow, 
18 arbitrary units (AU); auxiliary gas flow, 7 AU; ion source tempera
ture, 250 ◦C; capillary temperature, 230 ◦C; capillary voltage, 50 V; tube 
lens voltage, 170 V. Helium was used as a collision gas for collision- 
induced dissociation (CID) experiments. The CID normalization energy 
of 35 % was used to fragment parent ions. The MS spectrometer was 
calibrated using a Pierce LTQ Orbitrap positive and/or negative ion 
calibration solution (Thermo Fisher Scientific). The internal lock mass 
was used in mass spectra acquisition (i.e., 255.2330 Da [M− H]- palmitic 
acid in the negative ESI). The mass accuracy was better than 2 ppm. The 
chemical structure of the compounds was confirmed with the help of the 
spectral database Metlin https://metlin.scripps.edu/ (Guijas et al., 
2018).

2.6. Pyrolysis-gas chromatography-mass spectrometry

The analysis of volatile metabolites was performed by pyrolysis–gas 
chromatography-mass spectrometry (see Supplementary Material). 
Briefly, lyophilized bacteria were subjected to pyrolysis, and volatile 
compounds were analyzed by GC–MS. The mass spectrometry data, 
including tandem ESI(+,-)MS and EI MS, have been deposited to the 
Zenodo repository (https://zenodo.org/records/15498979).

2.7. Comparative proteomics experiments with LC/MS Q-TOF and data 
processing

The whole-cell catalyst of K. rhizophila strain SA117 was cultured in 
M9TE medium supplemented with SMX, DMSO, and glycerol as a con
trol. Samples were cleaned using SpeedBead Magnetic Carboxylate 
(Cytiva, Marlborough, MA, USA) beads and digested with trypsin 
overnight at 37 ◦C. The analysis was performed on a Vanquish liquid 
chromatography system (LC, Thermo Scientific, Waltham, MA, USA) 
connected to the timsToF SCP mass spectrometer equipped with Capti
veSpray (Bruker Daltonics, Bremen, Germany). The mass spectrometer 
was operated in a positive data-independent mode. One microliter of 
peptide mixture was injected by an autosampler onto the C18 trap col
umn (Pepmap Neo C18 5 µm, 0.3x5 mm, Thermo Scientific). After 
trapping, the peptides were eluted from the trap column and separated 
on a C18 column (Pepsep C18 150x0.15 mm, 1.5 µm, Bruker Daltonics) 
using a 35 min linear water-acetonitrile gradient from 5 % (v/v) to 35 % 
(v/v) acetonitrile at a flow rate of 1.0 µL/min. The trap and analytical 
columns were both heated to 50 ◦C. The m/z range was between 100 and 
1700. The number of PASEF was 5, and the total cycle time was 1.04 s. 
The target intensity was 14,000, and the intensity threshold was 500.

The raw data were processed using DIA-NN software Metlin Metab
olite Searching Home Page, https://metlin.scripps.edu/ (accessed 2024- 
05-15) (Demichev et al., 2020) and analyzed by Perseus software 
(Tyanova et al., 2016) with a threshold p-value of 0.05. To establish a 
more comprehensive link between proteomic and genomic data, the 
RAST and Prokka software tools were employed (Seemann, 2014) with 
downstream translation by BioPython Seq module (Python 3.10.4). 
Identified hits were manually curated and searched against the related 
Kocuria reference strains.

The mass spectrometry proteomics data, including primary data, 
have been deposited to the Zenodo repository (https://zenodo.org/reco 
rds/15498979).
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3. Results and discussion

3.1. Isolation, screening, and identification of SMX-degrading bacteria

More than one hundred bacterial isolates were obtained from the 
polluted soil enrichment and examined for potential degradation under 
SMX selection pressure at a dose corresponding to 100 mg/L therapeutic 
drug concentration. During screening in a liquid medium using a co- 
metabolism strategy, six bacterial isolates were selected for growth 
tolerance to SMX and degradation potential. While most of these 
selected isolates displayed very low removal efficiency, only one isolate 
exhibited an effective reduction in SMX concentration of 83 % (see 
Supplementary Material). The isolate was designated as the strain 
SA117, and its conventional morphological and biochemical charac
terization was performed by the German Collection of Microorganisms 
and Cell Cultures GmbH (DSMZ Braunschweig, Germany) (see Supple
mentary Material).

Whole–genome sequencing revealed the taxonomic classification 
and evolutionary relationships of the strain K. rhizophila SA117. Based 
on whole-genome sequencing, the relationship between strain SA117 
and related type strains is shown by the phylogenetic tree (Fig. 1). The 
calculated digital DNA-DNA hybridization (dDDH) value between strain 
SA117 and K. rhizophila TA68 was 79 % with a GC content difference of 
0.04 %. This dDDH value is higher than the standard expected cut off of 
70–79 %, where organisms ranked below 70 % are considered as 
different species (Meier-Kolthoff et al., 2013). The strain SA117 was 
clustered with three species of the Kocuria genus: K. rhizophila (strain 
TA68), K. tytonis (strain DSM104130), and K. tytonicola (DSM104133T). 
16S-based comparison showed a 99.76 % similarity to K. rhizophila TA68 
and 98 % to K. rhizophila 4R-31 (see Supplementary Materials). The 
difference in GC content (in percentage) was 0.04 between strain SA117 
and K. rhizophila TA68, 0.14 with K. tytonis DSM 104130, and 0.37 
compared to K. tytonicola DSM 104133T. Given the standard convention 

of ANIb values of equal to or higher than 95 % for strains to be regarded 
as members of the same genomic species (Arahal, 2014), the 97 % ANIb 
value confirms the affiliation of strain SA117 to the K. rhizophila species.

3.2. Genes associated with metabolic pathways

Based on the RAST annotation, 52 RNA genes were found, and 2,346 
protein-encoding genes were predicted. These genes were grouped into 
243 subsystems. Of these, amino acids and derivatives (206), protein 
metabolism (157), carbohydrates (156), vitamins, prosthetic groups, 
and pigments (118) were the most abundant categories. Throughout the 
genome of strain SA117, the key genes connected with SMX degradation 
pathways were revealed and represented approximately 15.3 % of the 
whole genome (Fig. 2). Three genes encoding amidohydrolase proteins 
were identified in different locations within the genome of strain SA117. 
One of them is a gene cluster encoding Rieske domain protein (2Fe-2S), 
sulfur acceptor protein SufE, thiosulfate sulfurtransferase, and rhoda
nese (EC 2.8.1.1). Initially identified in P. putida as key enzymes in the 
degradation of aromatic compounds, Rieske oxygenases are now 
recognized for their broader role in catalyzing diverse oxidative trans
formations across various catabolic and biosynthetic pathways, with 
promising applications in environmental remediation. These oxygenases 
are known to utilize substrates with a wide range of chemical structures, 
such as aromatics, pharmaceuticals, and hydrocarbons (Bopp et al., 
2024). Next cluster included genes encoding acetolactate synthase and L- 
aspargine permease (EC 3.5.1.1), and the last identified amidohydrolase 
gene encodes for N-carbamoyl- L-amino acid amidohydrolase (EC 
3.5.1.87). Likewise, the gene responsible for encoding dihydropteroate 
synthase (EC 2.5.1.15) was located. This enzyme catalyzes para-ami
nobenzoate condensation, indicating its likely role in efficient SMX 
biodegradation (Wu et al., 2023). Interestingly, eight genes encoding 
monooxygenases were found in the genome, two of which are antibiotic 
biosynthesis monooxygenases. The remaining monooxygenase genes are 

Fig. 1. Phylogenomic tree based on TYGS results showing the relationship between the draft genome of strain SA117 with related type strains. Values above 
branches are GBDP pseudo-bootstrap support values >60 % from 100 replications, with an average branch support of 88.9 %. The tree was rooted at the midpoint. 
K. rhizophila SA117 is depicted in bold. The same color indicates the same species cluster.
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nitrilotriacetate monooxygenase, flavin family monooxygenase, side
rophore monooxygenase, and a luciferase-like monooxygenase. Notably, 
several genes encoding cytochrome c (cyt c) were found in the genome. 
In Shewanella species, cyt c grants respiratory versatility, which confers 
bacteria with a high potential to be used in bioremediation (Guo et al., 
2022).

Concerning sulfur metabolism, several genes involved were found in 
SA117s genome. Noteworthy is the identification of the iron-sulfur gene 
cluster encoding SufB, C, D, R, and E, which was found and is known to 
be induced under oxidative stress conditions (Goldsmith-Fischman 
et al., 2004). A complete list of the identified genes with further details 
was deposited in the Zenodo repository under url: https://zenodo. 
org/records/15498979.

3.3. Biodegradation pathways of SMX: Metabolite and enzyme profiling

To elucidate the biodegradation mechanism of SMX in K. rhizophila 
SA117, an integrative approach combining proteomic analysis and high- 
resolution mass spectrometry was employed. This enabled the identifi
cation of key enzymes and intermediate metabolites involved in the 
biodegradation of SMX. According to the chemical structure and mass 
spectrum, analysis of cell extracts revealed the presence of 30 metabo
lites leading towards the proposed metabolic pathway for biodegrada
tion of SMX, which were divided into two parts: biodegradation of the 
benzene ring (pathway I) and biodegradation of the substituted iso
xazole (pathway II).

3.3.1. Biodegradation pathway I: Aromatic ring cleavage and downstream 
metabolism

Shotgun analysis was conducted using an LTQ Orbitrap Velos in
strument with HRESI to detect and identify biodegradation products. To 
facilitate the complete degradation process of the SMX molecule, strain 
SA117 was incubated with 13C6-SMX and 2H3-SMX. Molecular ions 
exhibiting a high 13C content were identified by MS/MS (see Supple
mentary Material).

Namely, eight compounds retained the structure of the benzene ring 
of the SMX molecule, five of which molecules had structures that indi
cated subsequent cleavage of double bonds between carbon atoms (see 
Supplementary Material). We detected four products as SMX building 
blocks, identified as 4-aminophenol (M1), benzene-1,2,4-triol (M2), 
hydroquinone (M3), and (2Z,4E)-4-hydroxy-6-oxohexa-2,4-dienoic acid 
(γ-hydroxymuconic semialdehyde) (M5) corresponding to previously 
published data (Mulla et al., 2018). Among the catalyst-associated en
zymes, amidohydrolase, putative FAD-binding monooxygenase, and 3- 
hydroxybenzoate 4-monooxygenase were found in the studied prote
ome and likely initiated SMX degradation by the cleavage of the 

sulfonamide bond, generating initial building block 4-aminophenol 
(M1). Subsequently the metabolic transformation proceeds through 
hydroxylation steps facilitated by 3,4-dihydroxyphenylacetate 2,3- 
dioxygenase and α-ketoglutarate-dependent dioxygenase AlkB, gener
ating benzene-1,2,4-triol (M2) and hydroquinone (M3) (Fig. 3). These 
are subsequently cleaved oxidatively to form 13C-labeled molecules, 
namely (2E,4Z)-3-hydroxyhexa-2,4-dienedioic-1,2,3,4,5,6-13C6 acid 
(M4a) and (2Z,4E)-4-hydroxy-6-oxohexa-2,4-dienoic-1,2,3,4,5,6-13C6 
acid (M5).

In addition to four deuterium-containing compounds, two additional 
intermediates (2E,4Z)-3-hydroxyhexa-2,4-dienedioic-5-D acid (M12a) 
and (2E,4Z)-3-hydroxyhexa-2,4-dienedioic-2,4-D2 acid (M16a) repre
sent the first detectable compounds undergoing benzene ring cleavage 
(Fig. 3, see Supplementary Material). We identified the molecule 
(2Z,4E)-4-hydroxy-6-oxohexa-2,4-dienoic-1,2,3,4,5,6-13C6 acid on the 
tandem mass spectrum, which suggests that the SMX degradation 
pathway I proceed in the same direction by the whole-cell catalyst of 
strain SA117. From the psedomolecular ion [13C6H5O4]-, there is a loss 
of 13CO2 in MS/MS to form an ion at m/z 102.0463 and another loss of 
H2O to form an ion at m/z 84.0357 ([13C5H3O]-).

High-resolution tandem mass spectra confirm the structure of the 
next biodegradation products M6, M7, and M8 formed by biodegrada
tion pathway I (Fig. 3). These derivatives, which contain an aromatic 
ring and other biodegradation products (compounds M4b, M6, and M7), 
have previously been described (Ottosen et al., 2024; Tian et al., 2024). 
By enol-keto tautomerism, the compound M5 changes to a “keto” form, 
and by oxidation of the aldehyde group, a diacid (M4b, M12b, M16b) is 
formed. The reduction of double bonds produces 3-oxoadipic acid. This 
β-keto acid (M6, M13, M17), as β-ketoadipyl-CoA, is cleaved by 
β-ketoadipyl CoA thiolase into two CoAs (i.e., acetyl-CoA and succinyl- 
CoA), where both acids were detected as free acids (Brinkrolf et al., 
2006).

All the above-mentioned metabolites were identified based on the 
molecule structures containing carbons labeled with 13C or 2H atoms 
(see Supplementary Material). Based on the synthesized molecule of 
SMX containing three deuterium atoms in the molecule, two of which 
were substituted on the benzene ring, it was possible to confirm the 
biodegradation pathway obtained from 13C6-SMX (Fig. 3). The structure 
of succinic and acetic acids (M7, M8, M14, and M15) was proven by HR- 
MS/MS (see Supplementary Material). Succinic acid, labeled both 2H 
and 13C, cleaves H2O and CO2 from the pseudomolecular ion at m/z 
118.0251 (M14), and the respective m/z 121.0326 (M7) to form the ions 
[C4H2DO3]-, and [C3H4DO2]-, [13C4H3O3]-, and [13C3H5O2]-, respec
tively. Acetic-2D acid, the respective acetic-13C2 acid, also loses water 
from the ion at m/z 60.0196 (M15) (or at m/z 61.0205; M8) to form the 
ion 42.0090 (or at m/z 43.0099) (https://zenodo.org/records 

Fig. 2. Genomic overview of strain K. rhizophila SA117. The schematic representation shows the genes encoding functions primarily involved in the degradation of 
SMX in relation to the whole genome (as percentage).
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Fig. 3. Putative degradation pathway I of benzene ring via dioxygenase attack: 4-aminophenol, benzene-1,2,4-triol, hydroquinone, (Z)-4-oxohex-2-enedioic acid, 3- 
oxohexanedioic acid, succinic acid, and acetic acid. Most metabolites were confirmed by carbon-labeled stable isotope (13C6) and deuterium-labeled stable isotope 
(2H3). Given the identified products − 4-aminophenol, benzene-1,2,4-triol, and hydroquinone – the pathway likely involves meta-cleavage step with 1,2-dioxygenase. 
No known enzyme with 1,2-dioxygenase activity was identified in the genome and proteome, and therefore, other dioxygenase acting on substrates beyond their 
primary biological targets is involved, such as 3,4-dihydroxyphenylacetate 2,3-dioxygenase (detected in proteome) or alpha-ketoglutarate-dependent dioxygenase 
AlkB (detected in genome).

Fig. 4. Putative degradation pathway II of the substituted isoxazole created via amidohydrolase cleavage, opened by monooxygenase attack and ongoing from 5- 
methylisoxazol-3- amine to 3-oxobutanoic acid, acetone, and metabolites of the Krebs cycle. The metabolites were confirmed by deuterium labeled stable isotope 
(2H3) molecule of SMX.
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/15498979). Our data revealed that both molecules of 13C6-SMX and 
2H3-SMX were progressively biodegraded to two acids, i.e., succinic and 
acetic acids (Fig. 3). Both acids enter or participate in the Krebs cycle.

3.3.2. Biodegradation pathway II: Substituted isoxazole degradation
The second phase of SMX degradation, inferred from identified me

tabolites, involves multiple enzymatic steps, including ring opening, 
oxidation, reduction, and methylation. SMX degradation-associated 
proteins, deoxyribose-phosphate aldolase, nitrate reductase, and S- 
ribosylhomocysteine lyase, previously reported in P. silesiensis F6a (Liu 
et al., 2022), were also detected in the proteome of K. rhizophila SA117, 
suggesting their potential involvement in isoxazole ring opening. 
However, the difference in their abundance was not statistically 
significant.

The hypothetical biodegradation pathway II of a five-membered 
heterocycle specifically substituted isoxazole (5-methylisoxazol-4-D-3- 
amine, M18) is shown in Fig. 4. This compound, derived from the parent 
molecule of SMX, undergoes further metabolism through various pri
mary intermediates via different biodegradation pathways (see Sup
plementary Material). The production of isoxazole (M18), which is 
formed by hydrolysis of the S–N bond, is confirmed by the over
expression of sulfurtransferase (a rhodanese-like domain-containing 
protein) involved in cyanide detoxification and/or peptide-methionine 
(R)-S-oxide reductase MsrB (Fig. 5A).

It is important to note that only metabolites containing one deute
rium atom were identified. Many more biodegradation pathways exist, 
but if a metabolite is not labeled with a stable isotope, it cannot be 
distinguished from the unlabeled metabolites produced by the cell. It is 
obvious that the first biodegradation reaction took place by opening the 
isoxazole cycle to form compound ((E)-1-amino-3-oxobut-1-en-2-D-1- 
aminium, M19) (Fig. 4). Both 5-methylisoxazol-4-D-3-amine (M18) and 
M19 metabolites have been described in a study related to the effect of 
earthworm and gut bacteria activity on indigenous soil bacteria asso
ciated with SMX degradation (Zhang et al., 2022). In their review, 
Ottosen et al. (2024) state that the identification of compound M18 was 
described in six papers as a biodegradable product. Furthermore, this 
biodegradable product has also been identified in the paper (Plaisance 
et al., 2024). The significant difference in toxicity between compounds 
M18 and M19 must be emphasized at this point (Jin et al., 2024). The 
acute and chronic toxicity of compound M19, i.e., after the opening of 
the isoxazole ring, decreased dramatically in algae, daphnia, and fish. 
Other metabolites, particularly compounds M20 to M30 (see Supple
mentary Material), are expected to be either non-toxic or slightly toxic to 

cells. Dyrda et al. (2019) describe the toxicity of organic solvents, 
including methanol, in selected microorganisms, e.g., Escherichia coli 
and Bacillus subtilis. The viable count (%) in cultures treated with 4.8 % 
methanol was 63.2 for B. subtilis and 52.3 for E. coli. This methanol 
concentration is many orders of magnitude higher than the amount of 
methanol produced by the biodegradation of SMX. Metabolite conver
sion from M20 to M25 is catalyzed by acetoacetate decarboxylase (M20 
to M21) and 3-ketoacyl-CoA (M21 to M24, M25). Both enzymes were 
detected in the proteome (https://zenodo.org/records/15498979). The 
two final metabolites (acetic acid M28 and methanol M30) can either be 
oxidized to water and carbon dioxide or further incorporated into the 
cell metabolites. Volatile metabolites specifically compounds M21 to 
M25 and M30, were identified by Py-GC–MS (https://zenodo.org/reco 
rds/15498979). The use of a capillary column allowed the separation 
and identification of positional isomers, such as 1-hydroxypropan-2- 
one-1-D (M22) versus 1-hydroxypropan-2-one-3-D (M23) or methyl 
acetate-2-D (M24) versus methyl-D acetate (M25). For example, ace
tic-13C2 acid (M8) and acetic-2-D acid (M15) were identified as volatile 
metabolites using HR-MS/MS. The presence of isopropanol as a 
biodegradation product of SMX was also described using a microbial fuel 
cell (Wang et al., 2016).

3.4. Proteomic response to SMX exposure

The comparative proteomic analysis of K. rhizophila SA117 under 
SMX pressure revealed a stress-adaptive response and suggested the 
potential involvement of SMX-degrading enzymes. Incubation in a 
minimal medium supplemented with SMX, DMSO (solvent control), or 
glycerol (positive metabolic control) resulted in modest proteomic 
changes, with the most pronounced differences observed between the 
SMX- and glycerol-treated samples after 48 h. Using the annotated 
genome and identified proteins as a reference, 1,691 proteins present in 
more than one sample were detected. In contrast, the number of proteins 
showing statistically significant changes was relatively low, particularly 
at the 24-hour time point, where only 24 proteins were differentially 
expressed between the SMX and glycerol conditions. This number 
increased to 104 proteins after 48 h.

Glycerol, an efficient carbon and energy source, triggered a broader 
proteomic response indicative of enhanced metabolic activity. In 
contrast, SMX exposure led to the significant upregulation of proteins 
associated with cellular stress adaptation, including adenylate kinase, 
co-chaperonin GroES, peptidyl-prolyl cis–trans isomerase, peptidoglycan 
DD-metalloendopeptidase, lipase, and cold-shock proteins (Fig. 5B). 

Fig. 5. Heat map of proteomics profiles of: (A) putative proteins involved in SMX degradation by the whole-cell catalyst SA117 and (B) significantly unrepresented 
stress response-associated proteins identified in the SA117 strain cells during whole-cell catalyst SMX degradation. Each row represents a distinct protein, while each 
column corresponds to a set of samples collected within a defined time range and conditions. The color scale coloring indicates changes in protein expression: red 
represents up-representation in the proteome, green indicates down-representation, and yellow highlights no change or limited change in protein abundance. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Notably, adenylate kinase, a central enzyme in maintaining intracellular 
ATP levels, plays a crucial role in regulating bacterial growth under 
energetic stress (Thach et al., 2014), underscoring the cellular response 
to SMX-induced pressure.

Further proteomic profiling revealed the presence of proteins asso
ciated with the degradation of aromatic compounds, particularly those 
implicated in the 4-hydroxyphenylacetate catabolic pathway 
(Rodríguez-Castro et al., 2024). Although the different expression of 
these proteins did not reach statistical significance when compared to 
glycerol-supplemented samples (Fig. 5A), their detection supports a 
potential role in the transformation of SMX intermediates, such as 4- 
hydroxyaniline, which was also confirmed by metabolomic profiling. 
Importantly, control treatments using DMSO verified that the observed 
biochemical changes and degradation activities are attributable to SMX 
exposure rather than to solvent effects.

Genomic and proteomic data suggest that K. rhizophila SA117 utilizes 
a degradation pathway distinct from those characterized in other Acti
nobacteria. Specifically, the cluster of genes (sadA, sadB and sadC), 
encoding flavin-dependent monooxygenase and reductase involved in 
sulfonamide degradation in Microbacterium sp. BR1 and Paenarthrobacter 
sp. A01 (Ricken et al., 2017; Cao et al., 2019), was absent in the genome 
of SA117. Instead, the overall degradation profile and metabolic adap
tation patterns of SA117 exhibited stronger similarity to those of Pseu
domonas spp., indicating the involvement of alternative SMX 
transformation pathways.

4. Conclusion

Although sulfonamide antibiotics and their derivatives have been 
extensively studied, their subsequent biodegradation remains poorly 
understood. These metabolites frequently occur at higher concentra
tions, posing a greater risk. This study introduces K. rhizophila SA117, a 
strain with a significant biodegradation potential, and explores its 
complete genomic and biochemical profile, and its ability to metabolize 
SMX. Genomic, proteomic, and metabolic analyses revealed the com
plete SMX degradation through the cleavage of the benzene and iso
xazole rings resulting in the production of non-toxic metabolites. A total 
of thirty 13C and 2H − labeled metabolites were identified by HR-MS/MS. 
Key enzymes involved in C–S bond and ring cleavage, S–N hydrolysis, 
and aromatic catabolism were confirmed. Additionally, stress-response 
proteins such as peptidoglycan DD-metalloendopeptidase, co- 
chaperonin GroES, and peptidyl-prolyl cis–trans isomerase upregula
tion suggested their role in adaptation to SMX exposure. These findings 
underscore the potential of K. rhizophila for the remediation of 
sulfonamide-contaminated environments.
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