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Antibiotics like Sulfamethoxazole (SMX) pose a significant threat to public health and environmental well-being.
To address this issue, effective strategies are being developed to remove antibiotics from the environment. This
study investigates the degradation of SMX with a focus on elucidating the mechanism by which extracellular
electron transfer (EET) enhances the efficient degradation of the antibiotic. The results show that SMX was
significantly degraded (97 %) by Shewanella oneidensis MR-1 after 120 hours in the presence of a bio-
electrochemical system (BES) at a concentration of 1 mg L’l, compared to the absence of BES (69 %) at the same
concentration and time. BES was observed to simultaneously remove pollutants like SMX while generating
electricity at this concentration. Proteomic analysis was further employed to clarify the mechanism behind this
process. Three key SMX-degrading proteins; S-ribosylhomocysteine lyase (luxS), Deoxyribose-phosphate aldolase
(deoC), and Amidohydrolase which mainly participated in C-S cleavage, S-N hydrolysis and isoxazole ring
cleavage were identified. The study demonstrates that S. oneidensis MR-1 can promote the generation of Nico-
tinamide Adenine Dinucleotide and Adenosine Triphosphate and facilitate electron transfer to enhance the
efficient degradation of SMX. The findings of this study provide new insights into the correlation mechanism
between SMX degradation and EET, ultimately contributing to innovative solutions for environmental
remediation.

1. Introduction Different treatment processes ranging from physical, biological, and

chemical methods exist for the treatment of pollutants like SMX. How-

Sulfamethoxazole (SMX) is a commonly employed antibiotic from
the sulfonamide class, which exhibits broad-spectrum activity against
both gram-negative and gram-positive microorganisms [1] and it is used
to treat a range of human infections such as urinary tract infections,
bronchitis and prostatitis. Furthermore, it is employed in veterinary
medicine and aquaculture to manage bacterial infections in animals and
aquatic organisms [2]. Prolonged use of SMX can lead to adverse effects,
including thyroid dysfunction, increased cancer risk and kidney dam-
age. Similarly, its prolonged exposure to natural water bodies can lead to
the emergence of antibiotic-resistant bacteria, which present a critical
risk to aquatic ecosystems and potentially harm human health [3-7].
Therefore, developing a cost-effective and efficient treatment solution
for SMX is crucial to mitigate its negative impacts.

ever, these methods possess some challenges such as high cost, time-
consuming and might generate a more toxic product compared to the
parent compound. Similarly, wastewater treatment plants (WWTPs) are
not designed for antibiotic removal [8] as such, Bioelectrochemical
systems (BESs) are being explored as a viable solution for breaking down
difficult-to-degrade contaminants like SMX [9] and therefore have
attracted significant attention in pollutant degradation [10], where the
microbe participates in the detoxification of organic contaminants and
can exchange electrons with the electrode, i.e. the process of extracel-
lular electron transfer (EET) [11]. Many bacteria such as Shewanella,
Geobacter, Desulfuromonas, Aeromonas, and Paleobacter have been iden-
tified as microorganisms capable of EET. Among them, Shewanella
oneidensis MR-1 stands out as a prominent model organism due to its
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ability to adapt to various respiratory modes, its diverse metabolic ca-
pabilities, and the ease with which its genetic makeup can be studied
[12].

Several research studies have investigated the biodegradation of
SMX by this model organism [13-19]. Most research has focused on
understanding the overall biodegradation process. For example, the
study by Mao et al. [13] assessed and characterized sulfonamide
degradation by S. oneidensis MR-1 and evaluated the potential of the
strain for application in the removal of sulfonamides from contaminated
environments. Similarly, the research by Lin et al. [19] on EET in She-
wanella oneidensis MR-1 focused on strategic genetic manipulation to
improve the capabilities associated with EET in MR-1. Few studies have
focused on the mechanism of how EET enhances the efficient degrada-
tion of SMX. As a result, this study leverages this while also using pro-
teomics as a technique to clarify the mechanism. The study proposed
four degradation pathways for SMX. SMX underwent initial degradation
via a hydroxylation process, which resulted in N-S (Pathway I) and C-S
(Pathway II) bond cleavage. Pathway III was generated as a result of the
cleavage of the S-C bond catalyzed by S-ribosyl homocysteine lyase
encoded by gene luxS and pathway IV occurred via nitro-substitution on
the amino group of SMX. The key proteins involved in SMX degradation
and the possible correlation mechanism between the evolution of EET
function and the degradation of SMX were identified. This study pro-
vides insight into the complex relationships between SMX degradation
and EET, ultimately opening up new avenues for pioneering environ-
mental remediation strategies.

2. Materials and methods

2.1. Preparation of the bacteria culture and composition of the culture
medium

This experiment used gram-negative bacteria S. oneidensis MR-1 as
the research object. The model organism was provided by the Key
Laboratory of Urban Pollutant Conversion, Institute of Urban Environ-
ment, Chinese Academy of Sciences. Cultures were prepared from 5 mL
frozen stock suspensions in equal parts of glycerol (50 %) maintained at
—80 °C. The thawed cell culture was transferred to Erlenmeyer flasks
with Luria-Bertani (LB) medium in a sterile fume hood and then incu-
bated aerobically at 30 °C in a rotary shaker at 150 r/min for 12 h. LB
consisted of tryptone (10 g/L), yeast extract (5 g/L), and NaCl (10 g/L),
adjusted to 7.0 pH using NaOH. The cultures were then washed twice
with sterile saline (NaCl, 0.9 %) by centrifugation (5000 g, 5 min). The
supernatant was discarded, and the cells were suspended in the medium
required for the subsequent experiment.

The bacteria after being grown from frozen stocks were transferred
into the anaerobic medium containing (per-litre): 0.31 g NH4Cl, 10.32 g
NayHPOy, 3.32 g NaH,POy, 0.13 g KCl, 0.1 g CaCly, 0.1 g MgS04.7 Ho0
plus 10 mL of a mineral mix (containing per litre: 1.5 g NTA, 0.1 g
MnCl.4 Hy0, 0.3 g FeS04.7 Hy0, 0.17 g CoCly.6 H20, 0.1 g ZnCly, 0.04 g
CuS04.5 H20, 0.005 g ALK(SO4)2.12 H30, 0.005 g H3BOs3, 0.09 g
NayMoOy, 0.12 g NiClp, and 0.02 g NaWoy4.2 H30). The medium was
adjusted to pH 7. Filter-sterilized casamino acids were added (0.002 %)
after autoclaving plus 1 mL of vitamin (containing per liter: 0.005 g 4
Aminobenzoic acid (Folate), 0.001 g D (+) biotin (Vitamin H), 0.01 g
Nicotinic acid (Vitamin B3), 0.0025Ca-D (+) pantothenate (Vitamin
B5), 0.025 g Pyridoxamine dihydrochloride (Vitamin B6), 0.005 g
Thiaminum dichloride (Vitamin B1), 0.005 g Cyanocobalamin (Vitamin
B12). Lactate (20 mM) was added as the sole carbon source.

2.2. Chemicals and analytical methods

All chemicals and reagents including SMX, methanol (HPLC grade),
formic acid, and acetonitrile (HPLC grade) used for this experiment were
of analytical (purity > 98 %) grade and were purchased from Aladdin
Industrial Corporation, China. The stock solution of SMX was prepared
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by dissolving the compound in ultrapure water, followed by a 72-hour
stirring period in the absence of light. The basic properties of SMX are
presented in Table S1.

2.3. BES configuration and operation

Wide-mouth glass bottles were used as the reactor with the lid having
a three-hole rubber plug. All experiments were carried out in triplicates
and under anaerobic conditions. The reactor adopted a three-electrode
system. Both the counter electrode and the working electrode were
carbon felt (obtained from Gansu Haoshi Carbon Fibre Co Ltd..., China)
with a dimension of 2 x2 cm for the working electrode and 2 x3 c¢cm for
the counter electrode. The reference electrode was potassium chloride
(KC1) (Saturated KCl from Shanghai Chenhua Company, China). Elec-
trodes were rinsed with acetone, cleaned with 75 % ethanol, and stored
in deionized water. The electrochemical station CHI1000C with 6
channels was operated at a constant potential of +0.2 V, a room tem-
perature of about 28 °C. The schematic diagram of the three-electrode
BESs is presented in Fig. 1.

To determine the concentration at which S. oneidensis MR-1 could
degrade SMX more efficiently, varying initial SMX dosages of 1, 2, 10
and 20 mg L~! were placed in the 100 mL medium in wide-mouth glass
bottles. The operation cycle was carried out by inoculating S. oneidensis
MR-1 (1 %, v/v) into the culture medium. The cycle ran for 5 days and
the SMX removal rate was evaluated.

2.4. SMX degradation without BES

The evaluation of SMX degradation for this experiment was con-
ducted in 100 mL serum bottles. The medium was ventilated with high-
purity nitrogen gas (A three-step aeration technique) [20] and tightened
with butyl stoppers to ensure the absence of oxygen. The serum bottles
were inoculated with 1 % pure S. oneidensis MR-1 with similar initial
SMX dosages as that of the BES. Incubation was performed in a rotary
shaker set at a speed of 150 r/min at a temperature of 30 °C for
120 hours.

2.5. Analytical methods

Daily sampling was conducted for 5 days, during which the super-
natant was filtered using a membrane filter with a pore size of 0.22 pm
before analysis. The samples with 1 mgL’1 initial SMX dosage, were
analysed with liquid chromatography-mass spectrometry (LC-MS/MS)
(Shimadzu, Japan). The chromatographic separation was achieved using
mobile phases consisting of a mixture of 0.1 % formic acid in water (A)
and methanol (B). A chromatographic column of Kinetex C18 (4.6
%100 mm, 2.6 pm, Phenomenex, CA, USA) was used at a flow rate of

Potentiostat

+0.200V CHI1000C
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Fig. 1. Schematic diagram of three-electrode bioelectrochemical system (BES).
WE, RE and CE represent the working electrode, reference electrode and
counter electrode respectively.
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0.80 mL min-!, column temperature of 40 °C and an injection volume of
10 pL. The samples corresponding to the initial SMX dosages of 2, 10 and
20 mgL ! were analysed using High-Performance Liquid Chromatog-
raphy (HPLC) (Hitachi L-2000 series; Hitachi, Japan) which featured a
UV/visible detector set at a wavelength of 269 nm and an Agilent Zor-
bax Eclipse plus C18 column with a dimension of 4.6 x250 mm, 5 pm.
The mobile phase composition consisted of 0.017 molL ™! phosphoric
acid aqueous solution (A) and acetonitrile (B). The chromatographic
analysis was conducted under the following conditions: a flow rate of
1.0 mL/min, a column temperature of 30 °C, with an injection volume of
10 pL.

2.6. Kinetics and statistical analysis

A pseudo-first-order kinetic model was employed to describe the rate
of antibiotic removal over time [21] as shown in Eq. (1).

7ln<%>:k><t (@)

0

Ap and A; are given as the initial and residual antibiotic concentra-
tions at a given time t, respectively. The degradation rate constant (k)
was determined by Eq. (2)

A
k= —In (AT) Jt @

Data analysis was performed using Excel 2010, GraphPad Prism 8.0,
and Origin software. The results are expressed as the mean value +
standard deviation. The significance of the findings was evaluated using
a statistical threshold of p < 0.05, indicating that any p-values less than
this threshold were deemed statistically significant.

2.7. Label-free quantitative proteomic analysis

Proteins were isolated from bacterial samples under conditions with
and without BES. The protein expression levels in the samples with and
without BES were determined using label-free quantitative proteomics
analysis. This approach is a mass spectrometry-based technique for
protein identification and quantification in biological samples. It allows
for the evaluation of variations in protein expression across different
samples, facilitating detailed analysis of biological processes [22]. The
analysis was conducted by Shanghai Applied Protein Technology Co. Ltd
(Shanghai, China). The database used was the “uniport” public database
(http://www.uniprot.org/) and 76417 sequences. The identified pro-
teins were annotated using the Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG), and Clusters of Orthologous Groups
(COG) databases, which enabled the evaluation of their functional
properties and roles. The primary aim of the GO is to systematically
arrange functional information about genes, enabling the characteriza-
tion of each gene based on its functions through GO annotations and
terms. GO annotations for each gene are available in prominent data-
bases such as the National Center for Biotechnology Information (NCBI)
Gene database, Ensembl, and other major gene information repositories
[23]. While the GO describes gene functions across three main domains:
molecular functions (MF), biological processes (BP) and cellular com-
ponents (CC) [24], the KEGG, which is also a knowledge base for sys-
tematic analysis of gene functions serves primarily as a bioinformatics
resource that links genomic data to higher-order biological functions. Its
focus is on analyzing biological systems, pathways, and molecular in-
teractions, facilitating the understanding of cellular, organismal, and
ecosystem functions through various interconnected databases [25].
The COG databases are specifically developed for the phylogenetic
classification of proteins encoded in complete genomes. Each COG
comprises proteins that are inferred to be orthologs, which are direct
evolutionary counterparts typically found across different species. This
classification facilitates a deeper understanding of protein function and
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evolution among diverse lineages. The organisation of proteins into
clusters based on their evolutionary relationships makes it possible to
make inferences about gene functions and the evolutionary processes
that influence genome diversity [26]. In this study, proteins with
upregulated and downregulated expressions were screened when fold
change was > 2 and P value < 0.05. Protein-protein interactions were
inferred using the STRING database, which provides a comprehensive
platform for predicting protein-protein interactions (http://string.embl.
de/).

2.8. Identification of SMX transformation products (TPs)

The intermediates produced by microbial metabolic pollutants dur-
ing the reaction were identified by LC-MS/MS. The target substance was
separated by the Kintex C18 column. The liquid chromatography sepa-
ration was performed using a mobile phase composed of 0.1 % formic
acid (A) and methanol (B), with a flow rate of 0.2 mL/min. Electrospray
ionization (ESI) was employed in both positive and negative ion modes
in the process of material ionization.

2.9. Ecotoxicity assessment of the TPs

Evaluating the toxic effects of organic pollutants is crucial in regu-
lating and managing environmental contaminants. The acute (short-
term) and chronic (long-term) toxicity thresholds for the SMX antibi-
otics were predicted through computational methods [27,28], using
Ecological Structure-Activity Relationship (ECOSAR).

Structure-Activity Relationship (ECOSAR) simulation software. With
this, the potential risks associated with SMX and its metabolites were
assessed for aquatic organisms using three different nutrient levels,
which included Fish, Daphnids, and Green algae, as test species.

3. Results and discussion
3.1. Degradation performance of varying SMX concentrations

The degradation efficiency of SMX for the varying initial SMX dos-
ages of 1, 2, 10 and 20 mg L! both with BES and without BES is illus-
trated in Fig. 2. SMX degradation efficiency was determined to be 97 %
and 69 %, 48 % and 35 %, 29 % and 19 %, 14 % and 13 % with and
without BES for the different initial SMX dosages of 1, 2, 10, and
20 mg L™} respectively. At 1 mgL™! initial SMX dosage, the removal
rate of SMX in BES after 5 days was determined to be 97 % while that
without BES was 69 %. An increase in the SMX dosage to 20 mg L™, led
to a reduced removal efficiency of 14 % and 13 % with and without BES
respectively. The kinetics fitting analysis is presented in Table 1. The
SMX dosage of 1 mg L™! resulted in the highest degradation efficiency
and thus subsequent experiments were performed at this concentration.

The concentration of antibiotics affects its treatment performance in
BES. Guo, et al. [29] developed a BES to investigate chloramphenicol
removal from wastewater at dosages of 10, 20 and 50 mg L. The
findings of their study demonstrated that under the lower dosage of
10 mg L™, almost all the chloramphenicol was removed after 36 hours
while it took about 72 hours to completely remove chloramphenicol
dosages of 20 and 50 mgL™'. In another study on the removal of
metronidazole in microbial fuel cells (MFCs), at different concentrations
of 0, 10, 30, and 50 mg/L, at 10 mg/L almost 85.4 % of metronidazole
was removed within 24 hours of operation. At a dosage of 50 mg/L, the
removal rate of metronidazole was significantly lower, with only 44 %
of the substance being removed after 24 hours [30]. This indicates that
metronidazole removal was significantly impaired at higher concen-
trations, suggesting a strong inhibition of the removal process. In the
study by Xie, et al. [31], the degradation mechanism of SMX at different
initial dosages of 0, 0.5, 5, and 50 mg/L in MFC was investigated. The
study revealed that the maximum SMX removal efficiency achieved in
MFCs was an impressive 98.4 % at a concentration of 5 mg L™! but at a
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Fig. 2. Degradation efficiency of SMX with and without BES at (a) 1 mgL’1 (b) 2 mgL’1 (c) 10 mgL’1 (d) 20 mgL’l. ns represents no statistically significant
difference while the asterisks denote a statistically significant difference at p <0.05.

Table 1
Degradation kinetics parameters of SMX at different concentrations.
Co BES Without BES
(mg/ k ti/z R? k ti/2 R?
L)
1 0.754 0.403 0.97 0.245 1.233 0.98
+0.045 +0.026 +0.012 +0.062
2 0.122 2.487 096 0.083 3.653 0.95
+0.008 +0.156 +0.008 +0.339
10 0.069 4.363 0.95  0.045 6.673 0.92
+0.002 +0.108 +0.001 +0.176
20 0.028 10.95 0.94 0.025 12.25 0.90
+0.002 +0.863 +0.001 +0.238

higher concentration of 50 mg L2, there was a decline in SMX removal
to 84.4 %.

For this study, a comparative analysis of the two experimental con-
ditions indicates that the reduction rates are generally higher in BES
(Fig. 2) compared to the system without BES across all concentrations. In
both conditions, the degradation efficiencies were seen to be lower at
higher SMX concentrations and these results are consistent with previ-
ous reports as initially discussed, which indicates that the degradation
efficiencies of antibiotics exhibit a certain degree of dependence on the
initial concentration. This observation could potentially be attributed to
the hormesis effect. The concept of hormesis describes a distinctive
response to a substance, where the outcome is characterized by a dual
effect. Specifically, low concentrations of the substance elicit salutary

consequences, while high concentrations trigger detrimental effects. The
presence of a substantial quantity of a toxic substance such as SMX, can
disrupt bacterial cells due to its ability to impede the production of
folate, a crucial element in the synthesis of nucleic acids. Consequently,
this inhibition hinders the growth and reproduction of the cells.
Conversely, in instances when the concentration of the toxic substance is
minimal, the inhibition of folate production may not occur, hence
potentially facilitating microbial activity [32] and enhancing the
degradation of the toxic substance at low doses compared to higher
doses. It can therefore be inferred that when the initial concentration of
SMX rises, the system’s pollution load rises and more time is required to
eliminate the antibiotics.

The kinetics fitting analysis was further used to explain the degra-
dation of SMX. The results presented in Table 1 indicate that the
reduction of SMX followed the first-order kinetics with R? values all
above 0.9 (0.92-0.99) thus indicating a strong correlation between the
SMX reduction rate and its concentration. The first-order rate constants
(k) in the BES decrease as the concentration of SMX increases. These
results suggest that the reduction of SMX by MR-1 in the BES is
concentration-dependent. At 1 mgL~!, the highest reduction rate is
observed (k = 0.754+ 0.045), suggesting that S. oneidensis MR-1 dem-
onstrates the highest reduction efficiency for SMX at the lowest con-
centration tested in the BES. Similar to the system without BES, the first-
order rate constants (k) in the system decrease with increasing SMX
concentrations. The reduction of SMX by S. oneidensis MR-1 in the sys-
tem without BES is also concentration-dependent, with lower rates at
higher concentrations. Also, the highest reduction efficiency for SMX by
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S. oneidensis MR-1 in the system without BES is observed at the lowest
concentration tested. The half-lives of the antibiotics were shortest in
BES ranging between 0.40 days to 10.95 days as presented in Table 1.
For the system without BES, the half-life ranges between 1.23 days to
12.25 days. For both systems, SMX of initial concentration of 1 mg L™
has the shortest half-life and it continued to increase as the initial SMX
concentration increased. These results indicate that a high concentration
of antibiotics could inhibit its degradation process. Increased concen-
trations of antibiotics tend to inhibit microbial metabolic activities and
thus lead to a reduction in the rate of antibiotic removal. The findings of
this study have significant implications for understanding the microbial
degradation of SMX under different conditions and may inform strate-
gies for bioremediation applications.

3.2. Bioelectricity generation in BES

Based on the degradation results in Fig. 2, SMX exhibited the highest
degradation efficiency in BES at the lowest concentration (1 mg/L)
tested, necessitating an evaluation of the EET mechanism behind the
enhanced degradation observed at this concentration. As such, the
electricity generation capacity was examined at this concentration. The
electricity generated from BES inoculated with S. oneidensis MR-1 is
illustrated in Fig. 3. The control which is MR-1 without the antibiotic
generated a peak electricity of about 7.6 pA em ™2 (Fig. S1) which was
consistent with previous reports [33], while the addition of SMX resul-
ted in the production of a peak electricity density of 26.4 pA cm™2
(Fig. 3).

Firstly, it was expected that SMX being an antibiotic would exert
some degree of toxicity on the bacteria and thus would lead to a decline
in the peak electricity production but this was not the case. This result
suggests that S. oneidensis MR-1 was generating more electricity or
engaging in increased electron transfer processes as a response to SMX.
The increased electricity generation exhibited by MR-1 in response to
SMX can be attributed to both metabolic adaptation and stress response
mechanisms [34]. MR-1 utilizes EET pathways, such as the MtrCAB
pathway, to carry out anaerobic respiration using various electron ac-
ceptors [35]. In this pathway, five key protein components have been
identified: OmcA, MtrC, MtrA, MtrB, and CymA [36]. Current models
regarding electron transfer in S. oneidensis MR-1 suggest that electrons
generated from the oxidation of carbon sources are channelled through
the menaquinone pool to the inner membrane-anchored c-type cyto-
chrome CymA. From there, the electrons are transferred to the peri-
plasmic c-type cytochrome MtrA, eventually reaching the outer
membrane-bound c-type cytochromes MtrC and OmcA. These proteins
interact with MtrB, an integral outer membrane scaffolding protein. The

35
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Fig. 3. Current generated from the working electrode of BES inoculated with
Shewanella oneidensis MR-1 at SMX dosage of 1 mgL ™.
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outer membrane cytochromes then facilitate the reduction of various
substrates. This EET capability possessed by the bacteria enables it to
thrive in the presence of SMX thus demonstrating its versatility in
adapting to environmental stresses.

3.3. Multifaceted analysis of the proteomics data

The Proteomics technique was used to clarify the mechanism of how
EET enhances SMX degradation. The list of all the up and down-
regulated differentially expressed proteins is presented in Tables S2
and S3. The results in Fig. 2 show that BES has a significant effect on the
degradation of SMX compared to the system without BES and as such the
presence of BES might have introduced alterations in protein expression,
and the proteomics analysis aimed to identify and characterize the
differentially expressed proteins (DEPs) that result from these changes.
For this analysis, the degradation of SMX in the BES was represented as
BESSMX while SMX degradation without BES was represented as ASMX.
The result of the proteomic analysis revealed 916 differentially
expressed proteins (DEPs) with 552 upregulated proteins and 364
downregulated proteins (Fig. 4a). The volcano map of DEPs is presented
in Fig. S2. The comparison between BESSMX and ASMX was visualized
using a heatmap, which revealed distinct hierarchical clusters of pro-
teins with analogous expression patterns (Fig. S3). The KEGG pathway
analysis is presented in Fig. 4b. The KEGG pathway analysis indicates
the various upregulated and downregulated functions associated with
the antibiotic degradation process. Among the upregulated functions are
histidine metabolism, biosynthesis of various antibiotics, styrene
degradation and Hypoxia-inducible factor-1 (HIF-1) signalling pathway.
The HIF-1 signalling pathway was demonstrated to be one of the upre-
gulated pathways in the KEGG pathway analysis (Fig. 4b). HIF-1 is a
crucial regulator of stress-induced gene expression, and while it is most
responsive to hypoxia, its signalling can be influenced by various stim-
uli, including metabolic stress, growth factors, and molecules present in
the extracellular matrix (ECM) [37]. Similarly, the upregulation of
proteins involved in histidine metabolism processes such as hisl, and
hisG explained a broader cellular response to stress induced by the
presence of SMX. Proteins involved in histidine metabolism pathways
(Fig. 4b) were discovered to be functionally linked to proteins involved
in nitrogen metabolism. This could be because histidine is one of the
amino acids involved in nitrogen cycling [38]. The upregulation of the
histidine metabolism pathway may indicate a shift in nitrogen meta-
bolism to accommodate the degradation of SMX or to utilize
nitrogen-containing compounds generated during the degradation pro-
cess. Another upregulated pathway in the KEGG pathway analysis is the
pathway responsible for the biosynthesis of various antibiotics. The
upregulation of this pathway can also be a cellular response to the
environmental stress caused by the presence of SMX. Furthermore, the
KEGG pathway analysis shows the downregulation of pathways such as
that involved in other glycan degradation and nitrotoluene degradation.
The downregulation of these pathways may indicate that the bacteria is
diverting its metabolic resources and energy towards the pathways
responsible for SMX removal and EET, thus leading to a decreased
expression of pathways involved in the degradation of other compounds.

The KEGG pathway analysis of the top 20 proteins with the greatest
fold enrichment is presented in Fig. S4 and the enriched pathway in-
dicates that the pentose phosphate pathway (PPP) demonstrated the
highest significance. The PPP is a crucial metabolic pathway that gen-
erates nicotinamide adenine dinucleotide phosphate (NADPH) and
NADPH is an essential cofactor involved in various biosynthetic pro-
cesses and redox reactions [39]. The significance of this pathway sug-
gests that S. oneidensis MR-1 requires a substantial amount of NADPH to
facilitate the degradation of SMX. NADPH is vital for cellular defence
mechanisms, antioxidant responses, and reductive biosynthesis. The
highest significance demonstrated by this pathway also indicates that
S. oneidensis MR-1 utilizes the reducing ability generated through the
PPP to support the breakdown of SMX and potentially cope with
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oxidative stress induced by this process. Therefore, the highest signifi-
cance demonstrated by the PPP in the degradation of SMX by
S. oneidensis MR-1 signifies a coordinated metabolic response aimed at
enhancing NADPH production and adapting to stress posed by the
presence of the antibiotic.

The subcellular localisation result is presented in Fig. 4c and this
result demonstrates that the majority of the DEPs are localised in key
subcellular compartments, with 105 identified in the cytoplasm, 70 in
multipass membrane proteins, 69 in the membrane, and 44 in the cell
inner membrane. From the subcellular localization illustrated in Fig. 4c,
the high concentration of DEPs in the cytoplasm signifies their
involvement in essential metabolic and biosynthetic processes within
the cell. Proteins within the cytoplasm are crucial for various cellular
functions, such as enzymatic reactions, protein synthesis, and energy
metabolism. The differential expression of proteins in the cytoplasm
indicates the dynamic adaptation of MR-1 to environmental changes.
The significant presence of DEPs in the membrane and the cell’s inner
membrane highlights the importance of these proteins in maintaining
cellular functions. Membrane proteins participate in crucial cellular
functions such as transport of molecules, signal transduction, and bio-
film formation. The alteration in membrane protein expression under
different conditions, particularly in the bioelectrochemical environ-
ment, reflects the intricate regulatory mechanisms to support the cell’s
response to the degradation processes [40]. Furthermore, the

identification of DEPs in multipass membranes underscores their vital
role in facilitating electron transfer and transfer of information and
molecules across biological membranes [41]. These proteins are integral
to electron transport chains and redox reactions, playing a fundamental
role in the generation of bioelectricity and the adaptation of S. oneidensis
MR-1 to the BES.

Functional enrichment analysis was conducted on the DEPs using GO
to identify the BPs, CCs and MFs that are enriched in the dataset (Fig. 5a-
c). Functional enrichment analysis using GO terms showed that the DEPs
were predominantly involved in various metabolic, biosynthetic, cata-
bolic, cellular, and transport processes. GO level 2 of the BP, CC and MF
are shown in Fig. S5. An analysis of the protein-protein interaction (PPI)
network provided a framework for deciphering the functional relation-
ships between DEPs and their potential interactions (Fig. S6). The
analysis revealed that DEPs formed highly interconnected clusters
within specific protein groups, which could have a significant impact on
the degradation of SMX. The PPI network also reveals the significant
correlation between proteins involved in glycolysis such as Enolase and
fba with other nodes involved in the metabolism pathway. This indicates
that SMX may be broken down to yield a carbon-containing interme-
diate and function as a potential source of carbon for energy production
through glycolysis. Besides, these proteins were also found to be up-
regulated. The upregulation of these proteins involved in glycolysis
provides insights into how S. oneidensis MR-1 is adapting its metabolic
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strategies to efficiently degrade contaminants like SMX while meeting
its energy demands. The densely connected modules of upregulated
proteins were found to be associated with various metabolic processes,
including histidine metabolism, purine metabolism, pyrimidine meta-
bolism, nitrogen metabolism, glycine-serine-threonine metabolism, and
others.

For this study, the key proteins involved in SMX degradation and EET
are of particular attention. The proteins were identified based on the
analysis of the expressed proteins. The DEPs related to energy meta-
bolism including ribosomal protein and ABC transporter ATP-binding
protein were significantly overexpressed, enhancing the survival and
degradation capability of S.oneidensis MR-1. Previous studies have
shown that the sad genes namely sadA, sadB and sadC gene clusters are
responsible for the breakdown of sulfonamides [42]. However, accord-
ing to the proteomic analysis results of this study, sadA, sadB, and sadC
were absent among the DEPs. Nevertheless, there was the upregulation
of SMX degrading proteins such as S-ribosyl homocysteine lyase (1uxS),
Deoxyribose-phosphate aldolase (deoC), and Amidohydrolase. These
proteins have been confirmed in the study by Liu et al. [42] to mainly
participate in C-S cleavage, S-N hydrolysis and isoxazole ring cleavage.
S. oneidensis MR-1 seem to employ lactate as a precursor to produce
NADH through the tricarboxylic acid (TCA) cycle. The generated NADH
is then channelled through a sequence of enzymatic reactions involving
NADH-quinone oxidoreductase (complex I), the quinone pool, cyto-
chrome bcl complex (complex III), and cytochrome c, ultimately
conveying electrons to electron acceptors. Additionally, NADH serves as
a coenzyme and electron carrier, playing a crucial role in cellular

respiration by facilitating the transfer of electrons in redox reactions
[43]. In this study, the modulation of crucial proteins that participate in
the electron transport system of cytochrome c was significantly upre-
gulated. This suggests that the enhanced degradation of SMX by the
bacteria is attributed to the overexpression of key proteins involved in
cytochrome c electron transport [43].

The TCA cycle, illustrated in Fig. 6, demonstrates the upregulation of
key proteins such as malate dehydrogenase (MDH) and glyceraldehyde-
3-phosphate dehydrogenase (G3PDH) related to NADH generation. Big
and densely connected modules of nodes of proteins (Fig. S6) linked
with oxidative phosphorylation and energy production such as fumarate
reductase flavoprotein were seen to have a strong correlation with the
proteins involved in ATP such as Succinate-CoA ligase. Likewise, a sig-
nificant overlap was found between the proteins involved in NADH
generation and those involved in ATP. Proteins such as MDH are
involved in the citric acid cycle, generating NADH that is then fed into
the electron transport chain for ATP production. Therefore, S. oneidensis
MR-1 can be inferred to have enhanced the production of NADH and
ATP, while also promoting EET. Iron is a crucial element that plays a
pivotal role in the functional cores of enzymes responsible for electron-
producing and transferring reactions, including cytochrome, de-
hydrogenases, and reductases [44], as such, the capacity of microor-
ganisms to acquire and assimilate iron is essential for their ability to
facilitate EET processes. The proteomic analysis data revealed that
S. oneidensis induced the expression of genes involved in microbial iron
uptake, a process that primarily involves the binding of siderophores
produced by the microbe to external iron sources, followed by the
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transfer of iron-siderophore complexes to the FhuD receptor protein in
the inner membrane. This process is facilitated by the porin protein, the
TonB-ExbB-ExbD complex, and ultimately leads to the delivery of iron to
the cytoplasm, where it can participate in cellular metabolic processes
[45]. Consequently, the mechanism underlying S. oneidensis MR-1’s
capacity to facilitate electron transfer during SMX degradation is likely
attributed to its superior ability to sequester and translocate periplasmic
iron into the cytoplasm, thereby enabling the synthesis of essential
enzymes.

3.4. SMX transformation products and proposed degradation pathway

The breakdown products of sulfonamides vary depending on the
degradation conditions. Research has focused on the transformation
products of SMX, and several studies [46-48] have identified the
resulting metabolites. One notable degradation product is 3-Amino-5--
methylisoxazole (3A5MI), its accumulation in diverse microorganisms,
including Achromobacter denitrificans PR1 has been reported in previous
studies [49]. This degradation product was also observed during SMX
degradation in this study as confirmed by the reference standard. The
proposed formula and chemical structures of the eleven transformation
products obtained are presented in Table S4. Due to the scarcity of
commercially available standards, the structures of two transformation
products were verified using reference standards (Fig. S7), while the
other nine structures were proposed based on their target
mass-to-charge ratios (m/z) and by drawing on previous research find-
ings [14,50-53]. Correspondingly four degradation pathways (Path-
ways I, II, I and IV) were proposed for the degradation of the antibiotic
by the bacteria (Fig. 7).

The pathway illustrated in Fig. 7 demonstrates that SMX was initially
degraded through the hydroxylation process and this process is

dependent not only on NADH but also fundamentally relies on electron
transfer mechanisms facilitated by NADH as electrons are donated
during the process [36]. The hydrolysis of the sulfonamide bond has
been confirmed to result in N-S (Pathway I) and C-S (Pathway II) bond
cleavage [48] indicating that SMX biodegradation through hydroxyl-
ation is intrinsically linked to both the availability of NADH and the
electron transfer. The cleavage of the N-S bonds (Pathway I) led to two
degradation products: TP 99 and TP 173. TP 173 was formed by ami-
dohydrolase. The gene SO_A0099 encodes an amidohydrolase enzyme
with high hydrolase activity, capable of breaking down various chemical
bonds, including C-N bonds. The proteomic analysis also confirmed it as
part of the upregulated proteins involved in SMX degradation in this
study. Afterwards, substitution occurred on TP 99 and this resulted in
the amino group being replaced with hydrogen, thus causing TP 99 to be
used by microorganisms and further transformation occurred into TP 83.
The cleavage of the isoxazole ring of TP 83 led to the formation of TP 90.
Since TP 90 has a short chain structure, microbes could find it easy to
degrade and this degradation led to the formation of TP 60. TP 60 could
further be mineralized by the microbes. Although TP 83 and TP 90 were
not detected in this study, this could be due to the rapid conversion of TP
99 to other intermediates such as TP 60.

Though TP 109 and TP 163 (Pathway II) have been confirmed as
products formed owing to the C-S bond cleavage [54] TP 109 was not
among the detected m/z in this study but TP 163 was detected. This
could be because the biodegradation pathway of SMX by S. oneidensis
MR-1 may preferentially cleave the N-S bond (Pathway I), leading to the
formation of the detected TP173 and TP 99, while the C-S bond cleavage
(Pathway II) may be a less dominant or slower process, resulting in the
selective detection of the TP163 [55]. The N-S bond cleavage pathway
has been confirmed by previous studies during SMX degradation [56]. In
pathway III, TP 147 was generated as a result of the cleavage of the S-C
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bond catalyzed by S-ribosyl homocysteine lyase encoded by gene luxS.
The luxS gene was also among the upregulated proteins involved in SMX
degradation as confirmed by its upregulation in the proteomic analysis
in this study. In Pathway IV nitro-substitution was seen as the process
taking place on the amino group of aniline and this resulted in the for-
mation of TP 281. Afterwards, TP 281, underwent C-S bond cleavage
which led to the degradation products of TP 163, TP 139, TP 177 and TP
121. Subsequently, there was a loss of a nitro group from TP 281 and
hydrolysis of the aromatic NHy, which led to the production of TP 239
(confirmed with reference standard). Following this was the cleavage of
the C-S bond, which led to the formation of TP 177 and TP 79. TP 79
could also be further mineralized by microbes. This degradation
experiment produced smaller TPs such as TP 79 and TP 60. This is an
indication that SMX was degraded into smaller molecular compounds
before it was completely mineralized. These findings may contribute to
the design of an efficient method for removing SMX.

3.5. Ecotoxicity asssessment

The acute and chronic toxicity categories, according to Sun, et al.
[571, are presented in Table S5. The toxicity data was divided into four
levels: not harmful (LCs50>100 or ECs¢y>100 mg/L; ChV>10 mg/L),
harmful (10<LCs5¢p<100 or 10<ECs59<100 mg/L; 1<ChV<10 mg/L),
toxic (1<LCs9<10 or 1<EC50p<10 mg/L; 0.1<ChV<1 mg/L) and very
toxic (LCs0<1 or ECso<1 mg/L; ChV<0.1 mg/L). LCs9 which denotes

lethal concentration represents the concentration of a substance (in this
case, SMX or its TPs) that is estimated to kill 50 % of the test organisms
(Fish, Daphnid and Green algae), during a specified exposure period.
ECso denotes effective concentration and this represents the concen-
tration of SMX or its TPs that produces a specified effect in 50 % of the
test organisms under defined conditions. Unlike LCsg, which measures
lethality, ECsq is used for determining the effectiveness of substances in
eliciting biological responses such as behavioural changes or growth
inhibition. ChV denotes chronic toxicity and this is a toxicological
measure that indicates the concentration of a substance in an environ-
ment below which harmful effects are not expected to occur over a
prolonged period. It serves as an important benchmark in environmental
risk assessments, helping to establish safety thresholds for aquatic life
and other organisms exposed to potentially harmful substances over
time. These measures; LCsg, ECso, and ChV are critical in understanding
the potential risks posed by chemicals, facilitating comparisons across
substances in terms of their toxicity. They are used to inform regulatory
decisions, develop safety protocols, and establish exposure limits to
protect human health and the environment.

Table S6 illustrates the predicted harmful effect of SMX and its TPs,
generated with the ECOSAR program. Fig. 8. illustrates a graphical
representation of the acute and chronic effects of SMX and its TPs. As
presented in Table S6, the short-term toxicity values of SMX to Fish,
Daphnid and Green Algae are given as 266.77, 6.43 and 21.81 mg L™},
respectively, while the chronic toxicity values of SMX are given as 5.00,
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0.06 and 11.14 mg L™! for Fish, Daphnid and Algae, respectively. The
acute toxicity values of two of the initial transformation products of SMX
(TP 99 and TP 173) in pathway I, are given as 270.04, 3.63 and
13.77 mg L™ for TP 99 and 86326.91, 200.33 and 1059.04 mg L™ for
TP 173 for Fish, Daphnid and Green Algae respectively. The chronic
toxicity values of TP 99 for Fish, Daphnid and Green Algae are given as
6.58, 0.03 and 9.16 mg L', While that of TP 173 are given as 4650.41,
1.66 and 1565.55 mg L™ respectively. TP 60 which is a lesser TP in that
pathway shows an acute toxicity of 1743.47, 844.30 and 325.70 mg L™}
and a chronic toxicity of 141.25, 52.87 and 59.84 mg L' for Fish,
Daphnid and Green Algae respectively. The TP values for the other three
pathways are presented in Table S6.

From the results in Fig. 8, it can be inferred that SMX does not have
any detrimental effect on Fish but it is toxic to Daphnids and harmful to
Green algae as represented under acute toxicity however under chronic
toxicity SMX is seen to be harmful to Fish, very toxic to Daphnid and not
harmful to Green algae. It is therefore demonstrated that SMX is a toxic
pollutant and as such, more attention must be paid to it and its trans-
formation products for aquatic organisms. Under acute toxicity, TP 99
does not have any detrimental effect on Fish but it is toxic to Daphnid
and harmful to Green Algae while TP 173 is not harmful to the three
organisms. Under chronic toxicity, TP 99 is harmful to Fish, very toxic to
Daphnids and harmful to Green Algae but TP 173 has no detrimental
effect on Fish and Green Algae but it is harmful to Daphnid. As SMX
further degrades to a lesser TP such as TP 60, the toxicity is seen to
reduce. These results indicate that this TP 60 is not harmful to the three
aquatic organisms under both acute and chronic toxicity. A similar
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pattern of reduced toxicity as further degradation occurred, was also
observed in the other three degradation pathways. Therefore, it can be
said that the initial degradation products though were found to be
generally toxic to aquatic organisms but further degradation led to a
decline in the toxicity levels of the TPs for the three aquatic organisms.
Despite that, the risk of degradation of SMX should still be a major
concern.

4. Conclusion

This research elucidates the mechanism of EET in enhancing the
degradation of SMX. The result of this study indicates that the degra-
dation rates of SMX in BES are generally higher than in the system
without BES across all concentrations tested. S. oneidensis MR-1 could
degrade concentrations of 1 mg L™} of SMX more efficiently (97 %) in
the BES compared to the system without BES (69 %). In both cases, the
degradation efficiency was found to decrease as the concentration of
SMX increased. The possible correlation mechanism between the evo-
lution of extracellular electron transport function and the degradation of
SMX by S. oneidensis MR-1 was elucidated using the proteomics tech-
nique. The proteomics analysis revealed a total of 916 DEPs of which
552 were upregulated and 364 were downregulated. Further analysis
revealed that the capacity of S. oneidensis MR-1 to degrade SMX is
related to the upregulation of protein expressions such as S-ribosyl ho-
mocysteine lyase (IuxS), Deoxyribose-phosphate aldolase (deoC), and
Amidohydrolase. Furthermore, the enhancement of S. oneidensis MR-1’s
EET ability on the electrode was related to the bacteria’s ability to
enhance NADH and ATP production. Notably, S. oneidensis MR-1 was
found to stimulate the production of NADH and ATP and facilitate
electron transfer to enhance SMX degradation.
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