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Abstract

The gut microbiome plays a critical role in host physiology, particularly by modulating immune
responses and key metabolic pathways. While the microbial conversion of bilirubin to urobilinogen
has been recently elucidated, the downstream reduction of urobilinogen to stercobilinogen
remains mechanistically uncharacterised. This thesis aimed to identify candidate microbial
enzymes responsible for this transformation and develop a scalable fluorescence-based
biosensor for bilirubin detection. A comprehensive bioinformatic screening of the Oligo Mouse
Microbiome (OMM21) consortium was conducted, combining BLASTP homology searches
against known bilirubin reductases (BilR), enzymatic classification via EC numbers, and cross-strain
comparative analyses. The study identified multiple high-confidence BilR homologues, particularly
in Flintibacter butyricus, Thomasclavelia ramosa, and Escherichia coli, as well as a refined
set of CH–CH acting oxidoreductases (EC 1.3.-.-) as plausible urobilinogen reductase (UroR)
candidates.

Parallel laboratory work established an inducible UnaG-based fluorescence biosensor in
E. coli for bilirubin detection. The system demonstrated high specificity and sensitivity in
vitro, reliably detecting nanomolar bilirubin concentrations. However, validation in biological
samples revealed challenges, including bilirubin instability, photodegradation, and interfering
background fluorescence. Experiments identified light exposure, prolonged incubation, and
antibiotic presence as major factors reducing fluorescence signal fidelity. Additionally, biological
validation using BilR-expressing and β-glucuronidase-deficient strains yielded inconsistent
results, possibly due to limited substrate uptake or incomplete metabolite conversion.

In summary, this work provides (i) a prioritised set of candidate UroR enzymes for further
functional validation and (ii) a validated, optimised UnaG-based biosensor system with defined
operational limitations. The findings lay the groundwork for future investigations into the
microbiome’s role in bilirubin and urobilinogen metabolism, with potential implications for
gut immune homeostasis and metabolic health.

iii





Kurzfassung

Das Menschliche Mikrobiom spielt eine entscheidende Rolle für die Physiologie des Wirts,
insbesondere durch die Modulation von Immunreaktionen und zentralen Stoffwechselwegen.
Während die mikrobielle Umwandlung von Bilirubin zu Urobilinogen kürzlich aufgeklärt wurde,
bleibt die nachgeschaltete Reduktion von Urobilinogen zu Stercobilinogen mechanistisch
bislang uncharakterisiert. Ziel dieser Arbeit war es, mikrobielle Enzymkandidaten zu identifizieren,
die für diese Umwandlung verantwortlich sind, sowie ein skalierbares, fluoreszenzbasiertes
Biosensorsystem zur Detektion von Bilirubin zu entwickeln. Dazu wurde ein umfassendes
bioinformatisches Screening des Oligo Mouse Microbiome (OMM21)-Konsortiums durchgeführt,
das BLASTP-Homologiesuchen gegen bekannte Bilirubin-Reduktasen (BilR), eine enzymatische
Klassifikation über EC-Nummern sowie vergleichende Analysen zwischen verschiedenen
Stämmen kombinierte. Die Studie identifizierte mehrere hochkonfidente BilR-Homologe,
insbesondere in Flintibacter butyricus, Thomasclavelia ramosa und Escherichia coli, sowie eine
eingegrenzte Auswahl an Oxidoreduktasen, die auf CH–CH-Gruppen wirken (EC 1.3.-.-), als
plausible Kandidaten für Urobilinogen-Reduktasen (UroR).

Parallel dazu wurde ein induzierbares, auf UnaG basierendes Fluoreszenz-Biosensorsystem
in E. coli zur Bilirubin-Detektion etabliert. Das System zeigte in vitro eine hohe Spezifität und
Sensitivität und konnte zuverlässig Bilirubinkonzentrationen im Nanomolarbereich detektieren.
Die Validierung in biologischen Proben offenbarte jedoch Herausforderungen, darunter die
Instabilität von Bilirubin, photochemische Zersetzung sowie störende Hintergrundfluoreszenz.
Weitere Experimente identifizierten Lichtexposition, verlängerte Inkubationszeiten und das
Vorhandensein von Antibiotika als Hauptfaktoren, die die Genauigkeit des Fluoreszenzsignals
beeinträchtigten. Zudem führten Validierungsexperimente mit BilR-exprimierenden und
β-Glucuronidase-defizienten Stämmen zu inkonsistenten Ergebnissen, möglicherweise aufgrund
limitierter Substrataufnahme oder unvollständiger Metabolit-Umwandlung.

Zusammenfassend liefert diese Arbeit (i) eine priorisierte Liste von UroR-Enzymkandidaten für
weitere funktionelle Validierungen sowie (ii) ein validiertes und optimiertes UnaG-basiertes
Biosensorsystem mit definierten anwendungsspezifischen Einschränkungen. Die Ergebnisse
bilden eine Grundlage für zukünftige Untersuchungen zur Rolle des Mikrobioms im Bilirubin-
und Urobilinogen-Stoffwechsel und eröffnen potenzielle Implikationen für die intestinale
Immunhomöostase und die metabolische Gesundheit.
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1. Introduction

The human microbiome plays a fundamental role in regulating host physiology, particularly
through its bidirectional interactions with the immune system. These molecular interactions
shape immune responses, while the immune system concurrently modulates the composition
and function of the microbial community (1; 2). Despite the increasing recognition of this
intricate system, several mechanistic aspects remain insufficiently characterised, necessitating
further investigation into their implications for health and disease (1; 2; 3; 4).

One such underexplored interaction involves the compound bilirubin and its associated
pathological state, hyperbilirubinaemia, which is characterised by elevated bilirubin levels
in the bloodstream (5; 6). Hyperbilirubinaemia primarily arises from liver dysfunction and is
implicated in conditions such as jaundice and kernicterus, a severe bilirubin-induced neurological
disorder (4; 7; 8; 9; 10). While hyperbilirubinaemia itself is not typically associated with
inflammatory bowel disease (IBD), emerging evidence suggests that altered bilirubin metabolism
occurs in the gut during IBD (4; 10; 11). This shows that the microbial taxonomic alterations
associated with IBD and other inflammatory diseases may have a direct impact on the bilirubin
reduction activity of the gut microbiome (4; 11). Given that the microbiome is involved in
both bilirubin metabolism and the regulation of host immune responses, and considering that
bilirubin-derived metabolites modulate immune signalling pathways, investigating this axis
offers a promising avenue to better understand microbial-host interactions in the context of
intestinal immune homeostasis (3; 4; 12).

Bilirubin is a catabolic end product of haem degradation, predominantly arising from the
physiological turnover of erythrocytes. The degradation process is initiated by the enzymatic
oxidation of haem via haem oxygenase, resulting in the formation of biliverdin (Figure 1.1).
Biliverdin is subsequently enzymatically reduced by biliverdin reductase into unconjugated
bilirubin. The unconjugated bilirubin is then transported in the serum, bound to albumin. It
is delivered to the liver, where it undergoes conjugation via bilirubin glucuronyl transferase,
facilitating its excretion into the bile. Once in the intestine, bilirubin is deconjugated and
converted to urobilinogen by gut microbiota expressing bilirubin reductase. Urobilinogen
follows distinct metabolic fates: it may be spontaneously oxidised in the kidney to form
urobilin, which is excreted in urine, or it may be further reduced to stercobilinogen and
subsequently oxidised into stercobilin, which is excreted in faeces (4; 6). However, the specific
enzyme(s) and microbial species responsible for catalysing the reduction of urobilinogen
to stercobilinogen have not yet been identified, representing a significant gap in our
understanding of this metabolic pathway (4).
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1. Introduction

Figure 1.1.: Illustrated representation of the haem degradation and bilirubin pathway. Image
generated using BioRender.com.

Recent advances in our understanding of microbial metabolism have revealed novel
pathways by which gut microbiota interact with host-derived compounds. A key development
in this area was the study conducted by Hall et al. (2024), which identified and characterised
the microbial conversion of bilirubin into urobilinogen via a previously uncharacterised
enzyme, bilR, a bilirubin reductase (4). In their study, fluorescence-based screening was
applied to cultured gut bacterial strains in the presence of bilirubin to detect bilirubin
reduction activity. Comparative genomic analyses between reducing and non-reducing
strains were then employed to identify candidate reductase genes, ultimately leading to
the identification of bilR—a gene homologous to 2,4-dienoyl-CoA reductase (EC: 1.3.1.34).
This work established a foundation for understanding microbial involvement in bilirubin
metabolism and its potential implications for host physiology (4).

Building upon this foundational work, the present thesis aims to further investigate the
microbial mechanisms underlying bilirubin metabolism in the human gut. Drawing inspiration
from the methodological framework established by Hall et al.(2024), this study combines
fluorescence-based detection, bacterial culturing, and genomic screening to investigate the
enzymatic conversion of urobilinogen to stercobilinogen. A key objective is to identify the
microbial taxa and genes responsible for this reduction step, which remains uncharacterised
in current literature.
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Bioinformatically, the approach involves screening the defined Oligo Mouse Microbiome
(OMM21) synthetic microbial community to assess the complexity of finding constituent
species (13; 14; 15). Additionally, genomic analyses are employed to determine whether any
OMM21 strains possess the bilR gene or its homologues, such as 2,4-dienoyl-CoA reductase,
which has been previously implicated in bilirubin reduction (4). The OMM21 strains were
specifically chosen not only for their relevance to the mouse gut microbiome but also for
their culturable nature, which enables individual strain testing (13; 14; 15). This makes them
particularly well-suited for follow-up investigations of candidate urobilinogen-reducing
enzyme(s), both in vitro and in vivo, including future validation studies in cell culture systems
and mouse models beyond the scope of the present project.

In parallel, laboratory-based experiments aim to develop a scalable, fluorescence-based
biosensor for detecting bilirubin reduction. This biosensor is tested using co-cultures of
bacteria known to reduce either conjugated or unconjugated bilirubin. To facilitate the
detection of bilirubin reduction, this study employs the fluorescent protein UnaG, which
fluoresces upon binding to unconjugated bilirubin (5; 16). A codon optimised plasmid,
pMAL-c5x_UnaG (Figure 1.2), encoding UnaG was transformed into competent Escherichia coli
(E. coli). In this construct, UnaG expression is controlled by the LacI repressor system, which
inhibits transcription in the absence of the inducer isopropyl β-D-1-thiogalactopyranoside
(IPTG). Upon IPTG addition, LacI repression is lifted, allowing RNA polymerase to transcribe
the UnaG gene. This inducible system enables tight regulation of reporter gene expression.
Furthermore, the plasmid contains an ampicillin resistance cassette, permitting the selective
growth of transformed bacterial colonies.

Figure 1.2.: Plasmid map of pMAL-c5x_UnaG, used for inducible expression of the UnaG
fluorescent protein in E. coli. Image generated using SnapGene.

Structurally, urobilinogen and stercobilinogen are positional isomers that differ in the
degree of reduction of their tetrapyrrole backbone (Figure 1.3). Stercobilinogen contains two
additional hydrogen atoms across its methine (–CH=CH–) bridges compared to urobilinogen,
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1. Introduction

rendering it a more fully saturated molecule. The enzymatic conversion of urobilinogen
to stercobilinogen thus involves the reduction of carbon–carbon double bonds within the
conjugated pyrrolic system (17; 18). Based on this reaction type, the enzyme responsible
is likely to fall within the EC 1 class of oxidoreductases, and more specifically, the EC 1.3
subclass—enzymes acting on CH–CH groups (19; 20).

Figure 1.3.: Bilirubin degradation pathway showing the structural conversion of bilirubin to
urobilinogen and stercobilinogen. Stercobilinogen is the more reduced isomer,
containing two additional hydrogen atoms across the methine (–CH=CH–) bridges
of the tetrapyrrole backbone.

Thus, the hypothesis is that specific gut microbes encode urobilinogen reductases (UroR)
that catalyse the reduction of urobilinogen to stercobilinogen. These enzymes, yet to be
characterised, are expected to function as CH–CH oxidoreductases within the broader context
of microbial bilirubin metabolism.

A deeper understanding of this microbial transformation has broad biomedical relevance.
Given the integral role of the microbiome in modulating host immunity and bilirubin
turnover, elucidating the enzymatic basis of urobilinogen reduction may reveal new molecular
links between microbial metabolism and host immune regulation. Ultimately, this line of
investigation could inform the development of novel microbiome-targeted therapies for
inflammatory and metabolic disorders associated with dysregulated bilirubin levels, including
liver dysfunction, IBD and other related immunopathologies.
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2. Methods and Materials

2.1. Bioinformatic Identification of Candidate Urobilinogen
Reductases

As an initial step toward identifying candidate urobilinogen reductases (UroR) within the
Oligo Mouse Microbiome (OMM21) consortium, a targeted homology search was conducted
to assess the presence of known bilirubin reductases (BilR). Characterised forms of bilirubin
reductase were used as query sequences in BLASTP searches against all OMM21 proteomes
(21; 22). These included the short BilR variants from Clostridioides difficile and Clostridium
symbiosum, as well as the long variant from Ruminococcus gnavus. Putative homologues
identified through these searches were recorded for further analysis. This targeted search
was particularly relevant, as BilR plays a central role in the metabolic pathway of interest.
Identifying its presence in OMM21 strains is essential for evaluating their conversion potential.
Since the overarching aim is to discover a novel urobilin reductase (UroR), confirming whether
BilR is already encoded by these organisms provides critical context. Additionally, a literature
review was performed to determine whether any members of the OMM21 consortium, or other
gut-associated bacteria, have been previously reported to reduce urobilinogen.

Subsequently, genomic homology analyses were conducted to identify candidate UroR
proteins within the OMM21 consortium. Raw sequencing reads for the OMM21 members were
obtained as FASTA files from the CeMM institute. These organisms were selected due to their
well-characterised, reproducible nature, ease of cultivation in our facility, and widespread use
in murine microbiome experiments (13; 14; 15).

Protein prediction was performed using Prokka (version 1.14.6) (23). Enzyme Commission
(EC) numbers were assigned to the Prokka-predicted proteins with ECPred (version 1.1) (24)
and EggNOG-mapper (version 2.1.12) (25; 26) under default parameters. Both tools were
used for the subsequent comparison of EC number assignments. Proteins annotated as
oxidoreductases (EC 1.-.-.-), particularly those acting on CH–CH group donors (EC 1.3.-.-), were
extracted for further investigation.

Plots and comparative analyses of ECPred and EggNOG-mapper annotations, as well
as all wet lab data and visualisations, were carried out using R software (version 4.3.1).
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2. Methods and Materials

2.2. Development of a Scalable Bilirubin Biosensor

2.2.1. High Efficiency Transformation Protocol

For the scalable bilirubin biosensor, a plasmid harbouring the UnaG gene was introduced into
competent Escherichia coli via the Invitrogen Protocol C2987H/C2987I. Two 1 mL cryogenic
tubes containing BL21 (DE3) competent E.coli (New England Biolabs) were thawed on ice
for 10 minutes. One tube received 1 µL of pMAL-c5x-UnaG plasmid DNA (positive control;
Addgene), while the second tube received 1 µL of sterile distilled water (negative control).
Both tubes were incubated on ice for 30 minutes, subjected to a 10-second heat shock at 42 °C,
and returned to ice for an additional 5 minutes. Thereafter, 950 µL of Super Optimal broth with
Catabolite repression S.O.C (Invitrogen) was added to each tube, which was then incubated
in a heat block at 37 °C and 300 rpm for 60 minutes. Ampicillin-containing agar plates
were prewarmed at 37 °C, and aliquots of the transformed cultures (50 µL, 100 µL and 150
µL) were spread onto three plates for each control. All plates were incubated overnight at 37 °C.

Following overnight incubation, ten bacterial colonies from each plate were inoculated
into Lysogeny Broth (LB) supplemented with 1000 µg mL−1 ampicillin and incubated at 37 °C
with shaking at 170 rpm. No growth was observed in the negative control. The following
morning, the optical densities (OD600) of all cultures were measured, and the two cultures
from each plate with the highest OD600 values were selected for plasmid extraction. E. coli
cells were harvested by centrifugation, and plasmid DNA was extracted using the Monarch®
Plasmid Miniprep Kit (New England Biolabs), following the manufacturer’s protocol. DNA was
eluted in nuclease-free water and quantified using a NanoDrop spectrophotometer. The two
plasmid samples with the highest concentrations were selected for sequencing, which was
performed by Microsynth.

Rather than sequencing the entire plasmid, only the region containing the gene of interest
UnaG was targeted, spanning nucleotide positions 2686 to 3069. The two sequencing results
(Plasmid_1 and Plasmid_2) were received as FASTA files. A single FASTA file was then compiled,
containing the two experimental plasmid sequences (Plasmid_1 and Plasmid_2), the full
reference plasmid, and a control plasmid sequence corresponding to the gene region of
interest (positions 2686–3069). This FASTA file was submitted to the Clustal Omega multiple
sequence alignment tool (EMBL-EBI, version 1) (27), with the alignment type set to "DNA".
The resulting alignment was visualised using MView (version 2)(28) to validate successful
introduction of the UnaG plasmid into UnaG.

2.2.2. Determination of Non-Toxic IPTG Levels

The subsequent steps were focused on assessing various isopropylβ-D-1-thiogalactopyranoside
(IPTG; Thermoscientific) concentrations that had been reported as effective in other E.coli
strains. This assessment was undertaken to ascertain whether the tested IPTG concentrations
exerted toxic effects on E. coli and to identify the concentration that maximised bilirubin
synthesis.
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2.2. Development of a Scalable Bilirubin Biosensor

A literature review identified a working IPTG concentration range between 0.1mM and
1mM(16; 29; 30; 31). Following the literature review (16; 29; 30; 31), a dilution series was
designed, starting at 4 mM (four times the highest reported concentration) and decreasing
sequentially to 2 mM, 1 mM, 0.5 mM, 0.25 mM, 0.125 mM and 0.1 mM, alongside a negative
non-inducer control. Two E.coli cultures, previously confirmed to harbour the plasmid through
sequencing, were incubated overnight in LB medium containing ampicillin (1000 µg mL−1) at
37 ◦C with shaking at 170 rpm. Cell densities were adjusted to an OD600 of 0.5 by dilution in
prewarmed LB-ampicillin medium. A 96-well microplate was then prepared for growth-curve
analysis. One column was designated as the blank, with 200 µL of LB-ampicillin medium.
Negative-control wells were prepared by combining 100 µL of bacterial suspension with 100
µL of LB–ampicillin medium. IPTG dilutions were pipetted according to the predefined series,
with immediate induction (0 h). A Breathe-Easy® sealing membrane (Sigma-Aldrich) was
applied to the plate to prevent evaporation and cross-contamination, and absorbance at 600
nm was recorded overnight using a microplate reader (SpectraMax® i3x Multi-Mode Microplate
Reader). Bacterial viability was monitored to assess potential IPTG toxicity.

2.2.3. Toxicity Testing of Bilirubin and Analogues on E.coli Growth

The succeeding objective was to determine a bilirubin concentration that conferred both
high sensitivity and specificity while avoiding any toxic effects on E.coli. Additionally, it was
necessary to verify that IPTG alone mediated induction of UnaG expression, rather than an
alternative endogenous mechanism. A comprehensive literature survey was undertaken to
collate bilirubin levels applied in analogous studies of UnaG–bilirubin interactions. Reported
bilirubin concentrations were found to range from 17.1 µM to 0.095 nM (4; 16; 29; 32; 33; 34).
Based on this survey, a broad range of bilirubin (Cayman Chemical) concentrations — 12 µM,
1.25 µM, and 0.012 µM were selected. Additionally, stercobilin and urobilin (Cayman Chemical)
were included at a concentration of 12 µM to assess any potential toxicity to E.coli. E.coli stocks
were inoculated in 5 mL LB medium supplemented with 1000 µg mL−1 ampicillin using a
sterile loop, and cultures were incubated overnight at 37 °C with agitation at 170 rpm. The
following morning, overnight cultures were diluted 1:100 into fresh LB-ampicillin medium and
incubated under identical conditions to reach mid-logarithmic phase.

Three IPTG induction conditions were prepared by combining the culture with LB–ampicillin
1:1 containing either no inducer (control), 4 mM IPTG or 1 mM IPTG. The 4 mM IPTG solution
was prepared by diluting 20 µL of a 10 mM IPTG stock into 480 µL LB–ampicillin medium.
For the 1 mM condition, 5 µL of the same 10 mM stock was diluted into 495 µL LB-ampicillin
medium. Each 6 mL induction mixture was aliquoted into 96-well microplates and incubated
at 37 °C for 2–4 h to induce IPTG-mediated expression of the UnaG gene. Metabolite stocks, 15
mM bilirubin, urobilin, and stercobilin in DMSO (ThermoFisher) were diluted in 1000 µg mL−1

LB–ampicillin to yield final assay concentrations of 12 µM, 1.2 µM, and 0.012 µM. Following
induction, these dilutions were added to the microplate wells, which were then sealed with
Breathe-Easy® membranes. Absorbance at 600 nm was recorded overnight to monitor culture
density and assess any metabolite-induced growth inhibition.
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2. Methods and Materials

2.2.4. Functional Evaluation of the IPTG–UnaG Fluorescence System

Having confirmed that neither IPTG nor the metabolites exerted cytotoxic effects on E. coli,
the IPTG–UnaG system was evaluated for functional performance. The assay was designed
to quantify the bilirubin–UnaG interaction, thereby determining induction sensitivity and
specificity at each metabolite concentration, and to ascertain whether IPTG induction triggered
UnaG synthesis and if bilirubin binding to the expressed protein produced a measurable
fluorescence signal. Parallel control experiments omitting IPTG or employing a UnaG-negative
strain were conducted to exclude endogenous fluorescence; stercobilin and urobilin were
assayed concurrently to assess background signals from related tetrapyrroles. Fluorescence
measurements were performed with excitation at 480 nm and emission detection at 535
nm. These parameters were applied consistently in this and all subsequent assays to ensure
comparability of results.

Overnight cultures of E. coli harbouring the pMAL-c5x-UnaG plasmid and of BL21 (DE3)
cells lacking the plasmid were grown at 37 °C. The following morning, each culture was diluted
1:100 into fresh LB–ampicillin and incubated for 2 h, at which point OD600 reached 0.5. The
cultures were used for downstream assays.
Four assay conditions were established:

(i) Plasmid-containing cells without IPTG

(ii) Cell-free medium with metabolites only

(iii) Plasmid-containing cells with 4 mM IPTG

(iv) Plasmid-free cells with 4 mM IPTG

Each condition was accompanied by a control comprising the corresponding medium or
bacterial culture. Metabolites were added at final concentrations of 12 µM bilirubin, 1.2 µM
bilirubin, 12 µM stercobilin and 12 µM urobilin, with no further incubation (0 h). Plates were
sealed with a membrane, and fluorescence was immediately measured in a microplate reader.

2.2.5. Kinetic and Sensitivity Assessment of the IPTG–UnaG System

IPTG induction durations were optimised by subjecting mid-logarithmic E. coli cultures to 2
mM IPTG for 0, 2, 4 and 18 h. Following the addition of 2 mM IPTG, cultures were incubated
at 37 °C with agitation at 170 rpm for the specified periods. Controls were included for each
time point, and metabolite assays were performed by adding bilirubin (12 µM and 1.2 µM),
stercobilin (12 µM) and urobilin (12 µM) to each culture before measurement. Subsequently,
an additional induction time series was performed using incubation periods of 4 h and
6 h. Mid-logarithmic E. coli cultures were subjected to 2 mM IPTG and incubated at 37 °C
with agitation at 170 rpm for the specified durations. To assess the dynamic range of the
fluorescence response, bilirubin, stercobilin and urobilin were added immediately before
measurement at final concentrations of 25 µM, 12.5 µM and 1.25 µM, respectively. The plate
was sealed with a gas-permeable membrane, and fluorescence was recorded.

8



2.2. Development of a Scalable Bilirubin Biosensor

Finally, the lower limit of bilirubin detection was established. Mid-logarithmic E. coli
cultures were induced with 2 mM IPTG and incubated at 37 °C with agitation at 170 rpm for 4 h
and 6 h. Before measurement, bilirubin was added at final concentrations of 2.5 µM, 1.25 µM,
0.6 µM, 0.3 µM, 0.125 µM, 0.06 µM and 0.03 µM. The plate was sealed with a gas-permeable
membrane, and fluorescence was recorded to define the assay’s lower detection threshold.

2.2.6. Validation of the IPTG–UnaG System

To highlight the applicability of the system, E. coli strains with different metabolising
capabilities were employed to validate the IPTG–UnaG system. The first two wild-type
(BilR-WT) and catalytically dead (BilR-CD) variants were derived from BL21 (DE3) cells (New
England Biolabs) transformed with the pSF-OXB15 vector (Sigma-Aldrich, Figure 2.1), which
harbours the Ruminococcus gnavus bilirubin reductase (BilR) gene and a kanamycin resistance
marker. In the BilR-WT strain, the BilR gene remained unaltered, whereas in the BilR-CD strain,
point mutations were introduced to inactivate the enzyme. Three additional strains were used
from the E. coli K-12 Keio collection (Horizon Discovery): the parental K-12 wild-type, which
retains the native gusA gene, and two isogenic gusA knockout mutants.

Figure 2.1.: Plasmid map of pSF-OXB15 vector, used for inducible expression of the R. gnavus
BilR gene in the BilR-CD and BilR-WT strains. Image source: Sigma-Aldrich (35)

To highlight the applicability of the system, E. coli strains with different metabolising
capabilities were employed to validate the IPTG–UnaG system. The first two wild-type
(BilR-WT) and catalytically dead (BilR-CD) variants were derived from BL21 (DE3) cells (New
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2. Methods and Materials

England Biolabs) transformed with the pSF-OXB15 vector (Sigma-Aldrich), which harbours
the Ruminococcus gnavus bilirubin reductase (BilR) gene and a kanamycin resistance marker.
In the BilR-WT strain, the BilR gene remained unaltered, whereas in the BilR-CD strain, point
mutations were introduced to inactivate the enzyme. Three additional strains were used from
the E. coli K-12 Keio collection (Horizon Discovery): the parental K-12 wild-type, which retains
the native gusA gene, and two isogenic gusA knockout mutants. In the gut, β-glucuronidase
(gusA) converts conjugated bilirubin to the unconjugated form, facilitating its reabsorption (36).

To prepare the strains for sequencing and further analysis, all five bacterial strains were
cultured overnight at 37 °C with agitation (170 rpm) in LB medium. The BilR-WT and BilR-CD
strains were grown in LB supplemented with kanamycin (1000 µg mL−1), while the K-12 Keio
strains were cultured in antibiotic-free LB. Following incubation, cells were harvested by
centrifugation, and plasmid DNA was extracted from the resulting pellets using the Monarch®
Plasmid Miniprep Kit (New England Biolabs), following the manufacturer’s instructions. DNA
was eluted in nuclease-free water and quantified using NanoDrop spectrophotometry. As the
K-12 Keio strains did not harbour plasmids, NanoDrop analysis was used solely to verify the
absence of detectable DNA. For the BilR-WT and BilR-CD strains, the plasmid preparations
yielding the highest DNA concentrations were selected for sequencing, which was performed
by Microsynth.

The entire plasmid was sequenced, and the resulting sequencing data for BilR-WT and
BilR-CD were received as FASTA files. A single FASTA file was then compiled, containing both
experimental plasmid sequences along with the full reference plasmid sequence. This file was
submitted to the Clustal Omega multiple sequence alignment tool (EMBL-EBI, version 1) (27),
with the alignment type set to "DNA". The alignment output was visualised using MView
(version 2) (28).

To validate the IPTG–UnaG system in the context of bilirubin reduction, BilR-WT and
BilR-CD strains were cultivated in LB medium supplemented with 1000 µg mL−1 kanamycin
(overnight at 37 °C with agitation 170 rpm). The following morning, cultures were adjusted
to an OD600 of 0.1–0.2 and aliquoted into sterile tubes. Four conditions were established
in duplicate: BilR-WT ± exogenous bilirubin, BilR-CD ± exogenous bilirubin, and cell-free
LB–kanamycin ± bilirubin as a medium control. Bilirubin was supplied to a final concentration
of 0.6 µM. Tubes were incubated overnight at 37 °C, 170 rpm, and final OD600 readings were
recorded to assess growth and any bilirubin-dependent effects. On the subsequent day, E.
coli cultures harbouring the IPTG–UnaG construct were grown to mid-log phase and induced
with IPTG (2 mM final) for 4 h at 37 °C, 170 rpm. At the end of induction, BilR-WT, BilR-CD and
medium control samples were centrifuged, and the supernatants were sterile-filtered; 100
µL aliquots were dispensed into individual columns of a 96-well plate. Subsequently, 100
µL of induced UnaG–E. coli culture was added to each well. A bilirubin titration series (1.25
µM, 0.6 µM, 0.3 µM, 0.15 µM and 0.078 µM) was prepared by serial dilution in the bacteria
suspension. Plates were sealed with a gas-permeable membrane, and fluorescence was
measured immediately (excitation 480 nm, emission 535 nm).
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2.2. Development of a Scalable Bilirubin Biosensor

The E. coli K-12 Keio parental strain and two isogenic gusA knockout mutants (mutant
1 and mutant 2) were revived by overnight incubation in LB medium at 37 °C. Cultures were
diluted to an OD600 of 0.1–0.2 in LB and subdivided into duplicate aliquots supplemented with
or without 25 µM bilirubin ditaurate (Santa Cruz Biotechnology); cell-free media controls (with
and without bilirubin) were prepared in parallel. All tubes were incubated overnight at 37 °C
with agitation (170 rpm).

Subsequently, UnaG-expressing E. coli cultures were induced with 2 mM IPTG for 4 h at
37 °C, 170 rpm. Bilirubin ditaurate-treated Keio culture supernatants were centrifuged (4,000 ×
g, 10 min) and sterile filtered. In a 96-well microplate, 100 µL of each supernatant was mixed
with 100 µL of induced UnaG culture. A bilirubin calibration series (2.5 µM, 1.25 µM and 0.6 µM)
was prepared by mixing induced UnaG cells 1:1 with corresponding bilirubin solutions. Plates
were sealed with a gas-permeable membrane, and fluorescence (excitation 480 nm, emission
535 nm) was measured immediately.

2.2.7. Investigation of Bilirubin Degradation, Antibiotic and Bilirubin Ditaurate
Effects

Unexpectedly weak and inconsistent fluorescence signals during BilR-WT and BilR-CD
validation prompted an investigation into bilirubin stability under assay conditions. It
was hypothesised that prolonged incubation might induce photodegradation. To test this,
LB–kanamycin (1000 µg mL−1) tubes containing 6 µM bilirubin were incubated at 37 °C and 170
rpm for 2 h and 4 h, either exposed to ambient light or shielded by aluminium foil. In parallel,
UnaG–E. coli cultures were induced with 2 mM IPTG and incubated for 4 h. Immediately prior to
measurement, 100 µL of each bilirubin treatment was mixed with 100 µL of induced culture in
a 96-well plate, which was then sealed with a gas-permeable membrane and read (excitation
480 nm, emission 535 nm).

A second hypothesis proposed that kanamycin might accelerate bilirubin degradation.
To evaluate the effect of kanamycin on bilirubin integrity, UnaG–E. coli cultures were again
induced with 2 mM IPTG and incubated for 4 h. A bilirubin dilution series (6 µM, 3 µM and
1.5 µM) was prepared in LB both with and without kanamycin (1000 µg mL−1). Additionally,
LB–kanamycin media were diluted 1:3 and 1:4 with antibiotic-free LB before bilirubin addition.
Each dilution (100 µL) was mixed with 100 µL of induced culture, transferred to a 96-well plate,
sealed, and fluorescence was recorded immediately (excitation 480 nm, emission 535 nm).

Since neither light exposure nor kanamycin significantly accelerated bilirubin degradation,
the intrinsic stability of bilirubin in LB medium was subsequently assessed over time. Bilirubin
was added to antibiotic-free LB at a final concentration of 25 µM and incubated (37 °C, 170
rpm) for 18 h, 6 h, 4 h, 2 h, 1 h and immediately before measurement (0 h). Concurrently,
UnaG-expressing E. coli cultures were induced with 2 mM IPTG for 4 h under identical
conditions. At each time point, 100 µL of the bilirubin-treated medium was combined with 100
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µL of induced culture in a 96-well microplate. Calibration standards were prepared by mixing
induced culture 1:1 with LB containing bilirubin at 2.5 µM, 1.25 µM, 0.6 µM and 0.3 µM. Plates
were sealed with a gas-permeable membrane, and fluorescence was measured immediately.

Due to the unusually low and inconsistent fluorescence signals observed in the E. coli
K-12 Keio experiments, it was hypothesised that bilirubin ditaurate (BDT) might be exerting
an inhibitory effect on bacterial growth or metabolism, thereby contributing to the aberrant
results. To investigate this, the E. coli K-12 Keio parental strain and the two isogenic gusA
knockout mutants (mutant 1 and mutant 2), along with the UnaG-expressing E. coli strain,
were revived by overnight incubation in LB medium at 37 °C with agitation.

The following morning, cultures were diluted to an OD600 of 0.1–0.2 in fresh LB medium and
subdivided into duplicate aliquots, supplemented with either 25 µM or 12.5 µM bilirubin
ditaurate (Santa Cruz Biotechnology). Cell-free media controls (without BDT) were prepared
in parallel. Following incubation, the Keio culture supernatants were centrifuged at 4,000 × g
for 10 minutes and sterile filtered.

In a 96-well microplate, 100 µL of each supernatant was combined with 100 µL of induced UnaG
culture. The plates were sealed with a gas-permeable membrane to minimise evaporation
and allow oxygen exchange. Absorbance at 600 nm was measured immediately to monitor
any immediate impact on cell density or optical interference.
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3. Results

3.1. Bioinformatic Identification of Candidate Urobilinogen
Reductases

To assess the distribution of bilirubin reductase (BilR) homologues within the OMM21 strains,
BLASTP searches were performed using both short and long BilR sequences as queries. The
presence of homologous sequences was evaluated based on two primary criteria: an E-value
threshold of ≤ 1e−13, commonly considered indicative of statistically significant homology,
and a query cover threshold of ≥ 50% to ensure meaningful sequence alignment. The short
BilR variant from C. difficile was identified in 13 of the 21 OMM21 strains.

Table 3.1.: Short BilR from C. difficile
Strain Hit Enzyme Query Cover Evalue
Acutalibacter muris yes FAD-dependent oxidoreductase 0.98 1E-36
Adlercreutzia mucosicola yes FAD-dependent oxidoreductase 0.96 2E-36
Akkermansia muciniphila yes NADH:flavin oxidoreductase 0.73 2E-19
Bacteroides caecimuris no – – –
Bifidobacterium animalis no – – –
Blautia pseudococcoides yes FAD-dependent oxidoreductase 0.95 1E-41
Clostridium innocuum yes NAD(P)/FAD-dependent oxidoreductase 0.99 1E-37
Enterocloster clostridioformis yes FAD-dependent oxidoreductase 0.98 1E-37
Enterococcus faecalis yes FAD-dependent oxidoreductase 0.95 1E-21
Escherichia coli yes NADPH 2,4-dienoyl-CoA reductase 1.00 4E-40
Extibacter muris yes NAD(P)/FAD-dependent oxidoreductase 0.99 1E-39
Flavonifractor plautii yes NADH:flavin oxidoreductase 0.99 1E-121
Flintibacter butyricus yes bilirubin reductase 1.00 1E-125
Ligilactobacillus murinus no – – –
Limosilactobacillus reuteri yes NAD(P)/FAD-dependent oxidoreductase 0.96 7E-25
Mucispirillum schaedleri no – – –
Muribaculum intestinale no – – –
Parabacteroides goldsteinii no – – –
Thomasclavelia ramosa yes Pyridine disulfide oxidoreductase 1.00 3E-69
Turicimonas muris no – – –
Xylanibacter rodentium no – – –

Most of the hits exhibited high query cover values (ranging from 0.73 to 1.00) and highly
significant E-values (as low as 1E-125), indicating strong sequence homology (3.1). Notably, F.
butyricus and E. coli demonstrated the highest sequence identity, each with a query cover of
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1.00. These hits were annotated as either bilirubin reductase or its homologue, 2,4-dienoyl-CoA
reductase. In contrast, eight strains, including B. caecimuris, M. intestinale, and X. rodentium,
did not yield any significant hits under the defined criteria. Using the short BilR from C.
symbiosum as the query, homologues were again found in 15 strains (3.2). The majority
displayed high query cover (up to 0.99) and E-values below the threshold, reinforcing the
robustness of the hits. Notably, in F. butyricus, a perfect match was observed with a query
cover of 1.00 and an E-value of 0.0. E. coli was the only strain in this search to return a hit for
the bilirubin reductase homologue 2,4-dienoyl-CoA reductase, albeit with a higher E-value
of 1.0. The annotation of this hit as bilirubin reductase further supports its identification as
a functional BilR homologue. However, some discrepancies were observed relative to the C.
difficile BilR results. For instance, M. intestinale, which had no hit in the C. difficile-based screen,
returned a match annotated as "Old Yellow Enzymes" with a query cover of 0.99. Furthermore,
M. schaedleri and L. murinus, initially classified as lacking BilR, showed a high query cover
(0.98 and 0.96) in this screen.

Table 3.2.: Short BilR from C. symbiosum
Strain Hit Enzyme Query Cover Evalue
Acutalibacter muris yes FAD-dependent oxidoreductase 0.64 1E-27
Adlercreutzia mucosicola yes FAD-dependent oxidoreductase 0.97 3E-22
Akkermansia muciniphila yes NADH:flavin oxidoreductase 0.94 1E-12
Bacteroides caecimuris no – – –
Bifidobacterium animalis no – – –
Blautia pseudococcoides yes FAD-dependent oxidoreductase 0.94 6E-34
Clostridium innocuum yes FAD-dependent oxidoreductase 0.96 3E-33
Enterocloster clostridioformis yes FAD-dependent oxidoreductase 0.96 6E-35
Enterococcus faecalis yes FAD-dependent oxidoreductase 0.95 3E-26
Escherichia coli yes NADH:flavin oxidoreductase 0.94 2E-24
Extibacter muris no – – –
Flavonifractor plautii no – – –
Flintibacter butyricus yes bilirubin reductase 1.00 0.0
Ligilactobacillus murinus yes NADH:flavin oxidoreductase 0.92 4E-13
Limosilactobacillus reuteri yes NAD(P)/FAD-dependent oxidoreductase 0.95 9E-21
Mucispirillum schaedleri yes FAD-dependent oxidoreductase 0.98 1E-32
Muribaculum intestinale yes Old Yellow Enzymes 0.99 0.0
Parabacteroides goldsteinii yes NADH:flavin oxidoreductase 0.89 4E-17
Thomasclavelia ramosa yes NADH:flavin oxidoreductase 0.92 2E-55
Turicimonas muris no – – –
Xylanibacter rodentium no – – –

In a third analysis using the long BilR variant from R. gnavus, 14 strains were identified as
containing putative homologues (Table 3.3). Query cover values ranged from 0.51 to 1.00,
and E-values were consistently low (e.g., 1E-104 for E. muris), indicating strong sequence
conservation. The highest homology was seen in C. innocuum, E. clostridioformis, and E. muris,
each exhibiting complete query coverage (1.00) and highly significant E-values. Interestingly,
in both short-form queries, F. butyricus yielded a perfect hit annotated as bilirubin reductase,
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3.1. Bioinformatic Identification of Candidate Urobilinogen Reductases

with full query coverage and an E-value of 0.0, strongly suggesting the presence of a canonical
BilR. In contrast, in Table 3.3, a different type of oxidoreductase was identified in this strain.
Instead, T. ramosa showed a perfect match for a long-form bilirubin reductase, again with
complete query coverage and an E-value of 0.0, indicating a highly confident and functionally
relevant homologue. Notably, E. coli also returned a significant hit in this search, implying that
it possesses homologues for both the short and long BilR variants.

Table 3.3.: Long BilR (Multiple Species)
Strain Hit Enzyme Query Cover Evalue
Acutalibacter muris yes FAD-dependent oxidoreductase 0.92 5E-63
Adlercreutzia mucosicola yes FAD-dependent oxidoreductase 0.99 8E-56
Akkermansia muciniphila yes NADH:flavin oxidoreductase 0.51 6E-19
Bacteroides caecimuris no – – –
Bifidobacterium animalis yes NADH:flavin oxidoreductase 0.52 8E-33
Blautia pseudococcoides yes NAD(P)/FAD-dependent oxidoreductase 0.99 5E-88
Clostridium innocuum yes NAD(P)/FAD-dependent oxidoreductase 1.00 8E-100
Enterocloster clostridioformis yes FAD-dependent oxidoreductase 1.00 1E-83
Enterococcus faecalis yes FAD-dependent oxidoreductase 0.98 2E-78
Escherichia coli yes NADPH 2,4-dienoyl-CoA reductase 0.99 1E-78
Extibacter muris yes NAD(P)/FAD-dependent oxidoreductase 1.00 2E-104
Flavonifractor plautii yes FAD-dependent oxidoreductase 1.00 4E-77
Flintibacter butyricus yes FAD-dependent oxidoreductase 0.99 1E-89
Ligilactobacillus murinus no – – –
Limosilactobacillus reuteri yes NAD(P)/FAD-dependent oxidoreductase 1.00 1E-81
Mucispirillum schaedleri no – – –
Muribaculum intestinale no – – –
Parabacteroides goldsteinii no – – –
Thomasclavelia ramosa yes bilirubin reductase, long form 1.00 0.0
Turicimonas muris no – – –
Xylanibacter rodentium no – – –

Across all three searches, the presence of potential BilR homologues was consistent in several
strains, including A. muris, A. mucosicola, E.Coli, and B. pseudococcoides, which consistently
yielded significant hits. The results suggest that a large subset of the OMM21 community
potentially encodes BilR or BilR-like enzymes, warranting further investigation into their
enzymatic activities. These findings provide a foundation for further functional validation of
candidate urobilinogen reductases in the community.

Comparative genomic analyses of the 21-member OMM consortium were performed to
identify potential UroR candidates, focusing on proteins annotated with EC numbers
corresponding to oxidoreductases (EC 1.-.-.-), and more specifically, to those acting on CH–CH
group donors (EC 1.3.-.-). The annotation pipeline employed both ECPred and EggNOG-mapper
tools to ensure comprehensive coverage and validation across the dataset.
Figure 3.1 illustrates the total number of proteins annotated with an EC number across
the 21 OMM strains. Annotation using ECPred yielded a substantially higher number of
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Figure 3.1.: Comparison of total proteins annotated with EC numbers across OMM species
using ECPred and EggNOG-mapper.

EC-annotated proteins in all species compared to EggNOG-mapper. This difference reflects the
broader annotation capabilities of ECPred, likely due to its orthology-based methodology and
extensive reference database. For instance, in T. ramosa, ECPred assigned over 5,000 proteins
with EC numbers, while EggNOG-mapper yielded fewer than 1,000.

To refine the list of potential UroR candidates, proteins annotated as Class 1 oxidoreductases
(EC 1.-.-.-) were extracted and quantified. As shown in Figure 3.2, ECPred consistently identified
a greater number of Class 1 enzymes compared to EggNOG-mapper across all species. The
filtering for oxidoreductases substantially reduced the pool of non-relevant proteins, resulting
in approximately a tenfold decrease in candidate numbers for most species. Nevertheless,
the remaining set still included over 100 candidate proteins per species, which remains
impractically large when aiming to identify a single, specific UroR enzyme.

Further filtering revealed the subset of EC 1.3.-.- enzymes—those acting on the CH–CH group of
donors. Figure 3.3 displays the number of proteins annotated within this specific class. Again,
ECPred consistently reported a higher number of relevant enzymes than EggNOG-mapper
across most species. The refined candidate pool was further reduced, with fewer than 10
potential enzymes identified per species in the majority of cases. This level of reduction
rendered experimental follow-up substantially more feasible, aligning with the objective of
isolating a single, specific UroR enzyme.
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Figure 3.2.: Number of EC 1.-.-.- class oxidoreductases identified in each OMM strain by ECPred
and EggNOG-mapper.

Interestingly, a comparative analysis of EC 1.3.-.- annotated proteins across species revealed a
total of 15 overlapping enzymes between B. caecimuris and A. muciniphila (Table 3.4). These
overlapping enzymes indicate that both species share identical EC number annotations, and
further investigation confirmed that the corresponding proteins were assigned to the same
bacterial species in both datasets. This degree of interspecies overlap within such an enzymatic
class was unexpected. The shared proteins include several functionally annotated reductases
such as cinnamate reductase, enoyl-[acyl-carrier-protein] reductase, and dihydroorotate
dehydrogenase, all of which are involved in redox-related metabolic processes. The presence
of multiple tRNA-dihydrouridine synthases and glutamate synthase subunits further suggests
a conserved role in fundamental redox and biosynthetic pathways. The identification of shared
candidates not only highlights potential evolutionary or functional convergence but also
strengthens their candidacy as UroR enzymes by virtue of their cross-species conservation.
Moreover, the reduced candidate space, further narrowed by this overlap, offers a practical
advantage, enabling prioritisation of enzymes that are both conserved and functionally
plausible for experimental validation.

To validate the differences observed between the annotation tools, a comparative analysis was
performed to identify overlapping protein annotations between ECPred and EggNOG-mapper.
This comparison confirmed that ECPred annotated a greater number of proteins within the EC
1.3.-.- class. For subsequent analysis, only proteins with an assigned EC number from either

17



3. Results

0

20

40

60

A
cu

ta
lib

ac
te

r 
m

ur
is

A
dl

er
cr

eu
tz

ia
 m

uc
os

ic
ol

a

A
kk

er
m

an
si

a 
m

uc
in

ip
hi

la

B
ac

te
ro

id
es

 c
ae

ci
m

ur
is

B
ifi

do
ba

ct
er

iu
m

 a
ni

m
al

is

B
la

ut
ia

 p
se

ud
oc

oc
co

id
es

C
lo

st
rid

iu
m

 in
no

cu
um

E
nt

er
oc

lo
st

er
 c

lo
st

rid
io

fo
rm

is

E
nt

er
oc

oc
cu

s 
fa

ec
al

is

E
sc

he
ric

hi
a 

co
li

E
xt

ib
ac

te
r 

m
ur

is

F
la

vo
ni

fr
ac

to
r 

pl
au

tii

F
lin

tib
ac

te
r 

bu
ty

ric
us

Li
gi

la
ct

ob
ac

ill
us

 m
ur

in
us

Li
m

os
ila

ct
ob

ac
ill

us
 r

eu
te

ri

M
uc

is
pi

ril
lu

m
 s

ch
ae

dl
er

i

M
ur

ib
ac

ul
um

 in
te

st
in

al
e

P
ar

ab
ac

te
ro

id
es

 g
ol

ds
te

in
ii

T
ho

m
as

cl
av

el
ia

 r
am

os
a

Tu
ric

im
on

as
 m

ur
is

X
yl

an
ib

ac
te

r 
ro

de
nt

iu
m

Species

C
ou

nt
 o

f E
C

 N
um

be
rs

Tool

ECPred
eggNOG−mapper

Class 1.3

Figure 3.3.: EC 1.3.-.- class annotations, oxidoreductases acting on CH–CH group donors, across
the OMM consortium.

tool were considered. Entries without EC annotations were excluded, as they could not be
confidently associated with enzymatic function. Given the objective of identifying functionally
characterised redox enzymes, retaining only annotated proteins ensured a focused and
biologically meaningful candidate set for UroR identification.

Interestingly, it was found that ECPred consistently assigned more EC numbers than
EggNOG-mapper across the majority of species. This result was unexpected, given the relative
age and underlying databases of the two tools. ECPred, developed in 2017, is based on
a dataset comprising 5,254 EC numbers (24). However, it utilises an outdated version of
BLAST (BLAST+ 2.7.1, released in October 2017), raising questions about the completeness
and currency of its annotation database. In contrast, EggNOG-mapper, released in 2023,
integrates normalised functional annotations from multiple sources (including KEGG, PFAM,
and SMART) and spans around 5,000 EC numbers based on KEGG/UniProt mappings (25).
Based on the more recent development and broader reference base of EggNOG-mapper, it
had been anticipated that it would annotate a larger number of proteins with EC numbers.
However, the results suggest the opposite. This discrepancy could be attributed either to
ECPred’s underlying BLAST database containing a greater number of EC-associated sequences
or to EggNOG-mapper applying stricter criteria for EC number assignment, resulting in a more
conservative output.
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Table 3.4.: List of overlapping enzymes between B. caecimuris and A. muciniphila
Protein ID Annotation
DDAOKNCB_00053 Cinnamate reductase
DDAOKNCB_00840 3-dehydro-bile acid delta(4,6)-reductase
DDAOKNCB_01203 Glutamate synthase [NADPH] small chain
DDAOKNCB_01516 tRNA-dihydrouridine(16) synthase
DDAOKNCB_01876 Dihydroorotate dehydrogenase B (NAD(+))
DDAOKNCB_01999 Enoyl-[acyl-carrier-protein] reductase [NADH]
DDAOKNCB_02444 Ferredoxin–NADP reductase
DDAOKNCB_02815 UDP-N-acetylenolpyruvoylglucosamine reductase
DDAOKNCB_03489 tRNA-dihydrouridine synthase B
DDAOKNCB_03696 Glutamate synthase [NADPH] small chain
DDAOKNCB_00789 Precorrin-2 dehydrogenase
DDAOKNCB_00790 Porphobilinogen deaminase
DDAOKNCB_01253 Hypothetical protein
DDAOKNCB_01378 Cinnamate reductase
DDAOKNCB_03014 Hypothetical protein

Potential UroR enzymes within the OMM21 consortium were successfully identified and filtered,
resulting in fewer than 10 candidate proteins in most bacterial species. This substantial
reduction in complexity renders downstream experimental validation and functional
characterisation considerably more feasible, enabling a focused search for a true UroR
enzyme. Together, the results from sequence homology searches and EC-based annotation
analyses enabled a systematic narrowing of candidate urobilinogen reductases across the
OMM21 consortium. The integration of BLASTP-based screening with enzyme classification
filtering identified several strains harbouring high-confidence homologues of known BilR
sequences—most notably F. butyricus and T. ramosa, both of which displayed perfect
matches with canonical BilR enzymes. Subsequent EC-based filtering further reduced the
candidate pool, particularly within the EC 1.3.-.- subclass, to a level amenable to downstream
experimental investigation. Comparative annotation revealed tool-specific biases: ECPred
consistently annotated more proteins with EC numbers than EggNOG-mapper, likely due to
differences in database currency and stringency of assignment criteria. Notably, the discovery
of 15 overlapping enzymes between B. caecimuris and A. muciniphila points to conserved
redox-related functions across phylogenetically distant strains. Collectively, these findings
provide a focused and plausible set of UroR candidates, establishing a solid foundation for
future experimental validation and mechanistic characterisation.

To complement the bioinformatic analyses, a literature review was conducted to determine
whether any OMM21 strains or other gut-associated bacteria have previously been reported to
reduce urobilinogen. However, this search did not yield any relevant findings. No published
evidence was identified linking the investigated strains, or other known gut commensals, to
enzymatic activity involved in urobilinogen reduction.
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3.2. Development of a Scalable Bilirubin Biosensor

3.2.1. High Efficiency Transformation Protocol

To verify successful transformation and confirm the presence of the pMAL-c5x-UnaG plasmid
in the engineered E. coli strains, plasmid DNA was purified and submitted for sequencing. The
resulting sequences were aligned using Clustal Omega (EMBL-EBI, version 1) and visualised
with MView (version 2) (27; 28).

MView automatically calculates both percent coverage and percent identity for each
aligned sequence relative to the reference. Here, the full plasmid sequence served as the
reference. Percent coverage indicates the proportion of the reference sequence aligned with
each query sequence, while percent identity reflects the nucleotide similarity within the
aligned region (28).

Both experimental plasmid sequences (Plasmid 1 and Plasmid 2) showed high coverage
(99.8%) of the reference plasmid, confirming successful sequencing across nearly the entire
plasmid length. Plasmid 1 exhibited 87.4% identity with the reference sequence, while
Plasmid 2 showed 84.0% identity. The control plasmid sequence, which contained only
the gene region of interest, aligned with 99.8% coverage but showed a much lower identity
(16.1%), as expected due to its limited sequence content.

The alignment results are summarised in Table 3.5. Both experimental plasmid sequences
(Plasmid 1 and Plasmid 2) demonstrated high coverage (99.8%) of the reference sequence,
confirming that the targeted region of the plasmid (positions 2686–3069) was successfully
sequenced. Plasmid 1 exhibited 87.4% identity with the reference, while Plasmid 2 showed
84.0% identity. These values are consistent with partial sequencing, as only a small region
of the full plasmid was analysed. The control plasmid, which included only the gene of
interest (positions 2686–3069), also achieved 99.8% coverage but showed a lower identity
(16.1%), which was expected due to its limited sequence length and content relative to the full
reference plasmid.

These results confirmed the presence and integrity of the UnaG-containing plasmid in
both experimental strains, validating the success of the transformation protocol and the
suitability of the constructs for downstream applications.

Table 3.5.: Summary of UnaG plasmid sequence alignment results (Clustal Omega, visualised
with MView).

Plasmid Percent Coverage Percent Identity
Full Plasmid 100.00% 100.00%

Control Plasmid 99.8% 16.1%
Plasmid 1 99.8% 87.4%
Plasmid 2 99.8% 84.0%
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3.2.2. Determination of IPTG Levels

The effect of various IPTG concentrations on E. coli viability was assessed to identify a non-toxic
inducer concentration for subsequent experiments and to determine the most appropriate
concentration for continued use. Concentrations ranging from 0.1 mM to 4 mM IPTG were
tested, based on values reported in the literature, alongside a non-induced control for baseline
comparison.

Growth curves measured over 24 hours revealed no substantial inhibitory effect across
the tested IPTG concentrations. As shown in Figure 3.4, absorbance values at 600 nm remained
comparable to the control between 12 and 24 hours, stabilising within the range of 0.3 to
0.4. This indicated that none of the IPTG concentrations exerted observable toxic effects on
bacterial growth.

Moreover, no significant differences in growth were observed between the two E. coli
cultures used in the assay, suggesting consistent responses to IPTG induction across
both cultures. This confirmed that the selected concentration range did not introduce
strain-dependent variability and could be applied broadly without compromising viability.

Based on these observations, IPTG concentrations between 1 mM and 4 mM were identified as
particularly suitable for subsequent experiments. Both concentrations were well tolerated
by the bacterial cultures and were considered likely to ensure robust induction of UnaG
expression throughout the population.
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Figure 3.4.: Growth curves of E. coli cultures exposed to varying IPTG concentrations over 24
hours. Absorbance at 600 nm was used to monitor cell density.
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3.2.3. Testing of Bilirubin and Analogues on E.coli Growth

Following the identification of 1 mM and 4 mM as suitable IPTG concentrations that did not
adversely affect E. coli viability, the range and potential toxicity of the metabolites bilirubin,
urobilin, and stercobilin were evaluated. Bilirubin was tested at three concentrations (12 µM,
1.2 µM, and 0.012 µM), alongside 12 µM of urobilin and stercobilin, in both IPTG-induced and
non-induced E. coli cultures. A control condition containing no IPTG and no E. coli was included
to serve as a background reference, enabling correction for absorbance contributions from
the media, metabolites, or solvent, and to confirm the absence of contamination during assay
preparation.
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Figure 3.5.: Growth curves of E. coli cultures exposed to bilirubin, stercobilin, and urobilin under
IPTG-induced and non-induced conditions. Absorbance at 600 nm was monitored
over 20 hours to assess potential toxicity.

As shown in Figure 3.5, none of the tested metabolite conditions resulted in a significant
reduction in bacterial growth relative to the non-induced control. Across all conditions,
absorbance at 600 nm increased progressively over time, reaching similar levels by the end of
the 20-hour incubation period. The subsequent plateau or slight decline observed in some
growth curves is likely attributable to nutrient depletion and overgrowth, as the bacterial
cultures reached high densities and exhausted the available medium. These findings indicate
that neither bilirubin, at any of the tested concentrations, nor the other metabolites (urobilin
and stercobilin) exerted detectable toxic effects on E. coli under the given experimental
conditions.
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In addition, the results confirmed that the presence of IPTG, whether at 1 mM or 4 mM,
did not modulate the toxicity profile of the metabolites. Growth curves from IPTG-induced
conditions were indistinguishable from those without IPTG, suggesting that IPTG-mediated
expression of UnaG did not exacerbate sensitivity to any of the metabolites.

These findings are consistent with concentrations previously reported in the literature. Prior
studies employing bilirubin concentrations ranging from 17.1 µM to 0.095 nMin E. coli-based
UnaG assays did not report adverse effects on bacterial viability (4; 16; 29; 32; 33; 34). The
present results corroborate these findings, confirming the suitability of these metabolites for
further use in live-cell fluorescence assays.

3.2.4. Functional Evaluation of the IPTG–UnaG Fluorescence System

Having established a concentration range in which both IPTG and the selected metabolites
(bilirubin, stercobilin, and urobilin) were non-toxic to E. coli and mutually compatible, the
next objective was to evaluate the functional induction of fluorescence via the IPTG–UnaG
system. This evaluation aimed to determine whether the addition of IPTG could effectively
induce UnaG expression, thereby producing a fluorescence signal upon binding to bilirubin. In
parallel, fluorescence from the metabolites alone, as well as potential background signals
from E. coli cultures, were measured to confirm the specificity and reliability of the observed
signal.

As illustrated in Figure 3.6, fluorescence emission was detected exclusively in E. coli cultures
harbouring the UnaG-encoding plasmid when induced with either 1 mM or 4 mM IPTG in
the presence of bilirubin. No detectable fluorescence was observed in cultures containing
the same components but lacking the plasmid, thereby confirming the specificity of signal
generation through IPTG-induced UnaG expression. This also served as independent functional
confirmation that the recombinant E. coli strain retained the correct plasmid.

Furthermore, controls containing only metabolites (bilirubin, stercobilin, or urobilin) in
the absence of IPTG and/or plasmid exhibited negligible background fluorescence, supporting
the specificity and inducibility of the system. Consistent with earlier absorbance-based
viability data, stercobilin and urobilin did not interfere with bacterial metabolism and similarly
showed minimal fluorescence signal, confirming their lack of cross-reactivity under the tested
conditions.

These results, in combination with the previous viability assays, demonstrate that fluorescence
observed arises specifically from the IPTG-mediated induction of UnaG and its interaction
with bilirubin, validating the effectiveness of the IPTG–UnaG system for further use in live-cell
fluorescence assays.
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Figure 3.6.: Fluorescence signal generated by E. coli cultures under various induction and
metabolite conditions. Fluorescence (480 nm excitation / 535 nm emission) was
recorded over time to confirm IPTG-mediated UnaG expression and functional
interaction with bilirubin.

3.2.5. Kinetic and Sensitivity Assessment of the IPTG–UnaG System

To optimise IPTG induction and maximise fluorescence from the UnaG–bilirubin interaction,
different induction times were assessed. Cultures were induced with 2 mM IPTG and incubated
for 0, 2, 4, or 18 hours before metabolite addition. The aim was to determine the minimum
induction time required for sufficient UnaG expression and effective fluorescence generation
upon bilirubin binding.

As shown in Figure 3.7, no measurable fluorescence signal was observed at the 0 hour
induction point, indicating that immediate addition of bilirubin did not allow sufficient time
for UnaG synthesis and interaction. In contrast, both 2 hour and 4 hour induction periods
produced strong fluorescence signals, with the 4 hour condition yielding the highest intensity.
This suggests enhanced UnaG expression and/or binding efficiency at longer induction times.
Notably, no fluorescence was observed at the 18 hour time point, which may be attributed
to degradation of UnaG, bilirubin instability, or metabolic breakdown during prolonged
incubation.
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Figure 3.7.: Fluorescence intensity following IPTG induction of UnaG expression for 0, 2, 4, and
18 hours. Bilirubin was added after the indicated induction periods. Fluorescence
was monitored over time.
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Figure 3.8.: Comparison of fluorescence following 4 hour and 6 hour IPTG induction.
Fluorescence was measured at varying concentrations of bilirubin, stercobilin,
and urobilin (1.25–25 µM) to assess detection range and background interference.
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Figure 3.9.: Lower detection limit assessment for bilirubin using the UnaG fluorescence system.
Bilirubin concentrations from 2.5 µM to 0.03 µM were tested under 4 hour and
6 hour IPTG induction conditions.

Based on these results, a 4 hour induction period was selected as optimal for achieving
maximal fluorescence. To assess moderate extension of induction without reaching the
detrimental 18 hour duration, 4 hour and 6 hour IPTG induction times were compared
(Figure 3.8). Additionally, this experiment evaluated the upper and lower metabolite detection
limits and assessed whether higher concentrations of stercobilin and urobilin would contribute
to background fluorescence, as initially found to be negligible in Figure 3.6.

Consistent with previous observations (18h induction, Figure 3.7)), the 6 hour induction
resulted in a marked reduction in fluorescence compared to the 4 hour condition (Figure 3.8),
supporting the hypothesis that extended induction negatively affects the fluorescence signal.
The 4 hour induction again produced the strongest signal, reaffirming it as the optimal duration
for reliable UnaG–bilirubin fluorescence. Moreover, bilirubin remained highly detectable
at 25 µM, exceeding the highest literature-reported concentration (17.1 µM, (33)), and was
still clearly measurable at 1.25 µM. In contrast, stercobilin and urobilin, even at elevated
concentrations up to 25 µM, generated only minimal fluorescence, confirming their negligible
interference and validating the specificity of the UnaG–bilirubin system.

To assess the lower detection limit, an additional experiment was performed using bilirubin
concentrations ranging from 2.5 µM down to 0.03 µM, again under both 4 hour and 6 hour
IPTG induction conditions (Figure 3.9). Fluorescence was detectable at concentrations as low
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as 0.03 µM under the 4 hour induction condition, whereas the 6 hour induction produced
lower overall signal intensities across all concentrations. These findings demonstrated that
the system is sufficiently sensitive to detect very low levels of bilirubin–UnaG interaction, and
further confirmed that 4 hours is the optimal induction period for achieving both maximal
signal strength and sensitivity.

3.2.6. Validation of the IPTG–UnaG System

To verify the presence and integrity of the pSF-OXB15-BilR plasmid in the engineered
E. coli strains, plasmid DNA was extracted from the BilR-WT and BilR-CD cultures and
submitted for full plasmid sequencing. Three additional strains from the E. coli K-12 Keio
collection—comprising the wild-type parental strain and two isogenic gusA knockouts—were
processed in parallel. As the K-12 Keio strains do not contain plasmids, NanoDrop analysis was
used solely to confirm the absence of detectable plasmid DNA. The parental Keio strain yielded
a low DNA concentration of 5.32 ng µL−1, consistent with the expectation for plasmid-free cells.

Sequencing results for the BilR-WT and BilR-CD strains were received as FastQ files. These
files were aligned with the full reference plasmid sequence using Clustal Omega (EMBL-EBI,
version 1), and the alignment was visualised using MView (version 2) (27; 28). Percent coverage
(the proportion of the reference sequence aligned) and percent identity (the nucleotide
similarity across the aligned region) were automatically calculated by MView.

The BilR-CD strain showed full alignment with the BilR-CD reference sequence (100.0%
coverage and 100.0% identity), confirming the successful transformation and correct plasmid
sequence. When aligned to the full plasmid reference, the experimental BilR-CD plasmid
sequence displayed 90.8% coverage and 36.2% identity, indicating partial alignment and
divergence in sequence, as expected for a catalytically inactivated variant.

Similarly, the BilR-WT strain showed 100.0% coverage and 100.0% identity with the BilR-WT
reference sequence, confirming complete fidelity. The corresponding experimental plasmid
exhibited 85.9% coverage and 65.6% identity when aligned to the full plasmid, again consistent
with expected variation and partial sequencing success. These results confirm that the correct
plasmids were present and distinguishable in the BilR-WT and BilR-CD strains, supporting
their validity for use in downstream IPTG–UnaG functional assays.

To validate the functionality and specificity of the IPTG–UnaG system for bilirubin detection
in a biological context, fluorescence assays were performed using E. coli strains harbouring
either the wild-type BilR gene (BilR-WT) or a catalytically inactive version (BilR-CD) containing
point mutations. The experimental hypothesis was that, following overnight incubation with
bilirubin, the BilR-WT strain would metabolise bilirubin via active BilR, leading to reduced
fluorescence relative to the input concentration. In contrast, the BilR-CD strain, serving as
a negative control, was expected to show fluorescence corresponding to the full amount of
bilirubin added, as no active consumption was anticipated.
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Table 3.6.: Summary of BilR plasmid sequence alignment results (Clustal Omega, visualised
with MView).

Strain Percent Coverage Percent Identity
BilR-CD (reference alignment) 100.0% 100.0%
BilR-CD (plasmid alignment) 90.8% 36.2%

BilR-WT (reference alignment) 100.0% 100.0%
BilR-WT (plasmid alignment) 85.9% 65.6%

However, the results presented in Figure 3.10 (and replicated in the Supplementary Information
A, Figure A.1) did not align with the initial expectations. Fluorescence across all experimental
conditions was markedly low, despite the addition of 0.6 µM bilirubin, and substantially below
the signal observed in the corresponding bilirubin standard curve.
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Figure 3.10.: Fluorescence intensity measurements of E. coli strains containing either wild-type
(BilR-WT) or catalytically dead (BilR-CD) versions of the BilR gene, with or without
added bilirubin (BR). A control with and without BR and a bilirubin concentration
reference series are also shown.

The BilR-WT strain incubated with bilirubin displayed a fluorescence signal nearly identical to
the same strain incubated without bilirubin. Unexpectedly, it also showed marginally higher
fluorescence than its catalytically inactive counterpart (BilR-CD), which is the opposite of the
anticipated trend.

Furthermore, the BilR-CD strain with bilirubin exhibited fluorescence levels well below
the expected profile, while its counterpart without bilirubin also showed measurable
fluorescence, despite no metabolite being added. Similarly, both BilR-WT and BilR-CD strains
without added bilirubin produced detectable fluorescence signals, contrary to the expectation
of no signal in the absence of the metabolite. The control condition with bilirubin also showed
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only minimal fluorescence, far below what would be anticipated based on the bilirubin-only
calibration.

Similarly, both BilR-WT and BilR-CD strains without added bilirubin exhibited measurable
fluorescence, contrary to the expectation of no signal in the absence of the metabolite. The
control with bilirubin also showed minimal signal, well below the levels observed in the
bilirubin-only standard curve.

Collectively, these results indicate substantial inconsistencies. Fluorescence was observed
in conditions lacking bilirubin, while an insufficient signal was detected under conditions
expected to produce strong fluorescence. These discrepancies may be attributed to
experimental variability, poor uptake or retention of bilirubin, inefficient binding to UnaG,
cellular background interference, or other unknown factors that may suppress or distort the
fluorescence output.

To further test the IPTG–UnaG system in a biological context, strains from the E. coli
K-12 Keio collection was employed to validate functionality using conjugated bilirubin,
bilirubin ditaurate (BDT). In this assay, it was hypothesised that BDT would be converted
into unconjugated bilirubin by GusA, a β-glucuronidase present in wild-type E. coli, enabling
detection via UnaG-mediated fluorescence. The parental Keio strain, which expresses GusA,
was therefore expected to produce a fluorescence signal upon BDT addition. In contrast, the
two GusA knockout mutants (mutant 1 and mutant 2) were expected to show no fluorescence
due to their inability to convert BDT into detectable bilirubin.

As shown in Figure 3.11 and also repeated in Figure A.2, fluorescence levels were generally
low across all samples. The Keio parental strain incubated with BDT did not exhibit a notable
increase in fluorescence compared to its non-BDT control. Unexpectedly, both GusA mutants,
regardless of BDT treatment, showed higher fluorescence than the parental strain. Moreover,
the mutants without BDT addition also displayed elevated fluorescence, which contradicts the
assumption that no signal should be generated in the absence of the metabolite.

Despite these irregularities, the positive controls behaved as expected, demonstrating
a clear fluorescence signal. The control with unconjugated bilirubin also produced measurable
fluorescence, albeit at a slightly reduced level—likely due to the 18-hour incubation period.

These results suggest that while the IPTG–UnaG system can detect bilirubin under ideal
conditions, its performance in biological samples may be hindered by experimental variability,
nonspecific background fluorescence, or incomplete conversion of BDT.
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Figure 3.11.: Fluorescence measurements of Keio parental and GusA knockout strains with or
without bilirubin ditaurate (BDT). Unexpectedly, both mutants exhibited higher
fluorescence than the wild-type strain, regardless of BDT treatment.

3.2.7. Investigation of Bilirubin Degradation, Antibiotic and Bilirubin Ditaurate
Effects

Due to the unexpectedly low fluorescence signals observed in the validation experiments,
it was hypothesised that bilirubin degradation, known to be accelerated by light exposure
due to its photosensitivity (37; 38), could be contributing to the weak fluorescence output.
Additionally, it was considered that the presence of the antibiotic kanamycin may exacerbate
this degradation.

To test the effect of light exposure on bilirubin stability, samples were incubated for
2 hours and 4 hours under either covered or uncovered conditions (Figure 3.12). A clear
reduction in fluorescence was observed in uncovered samples for both time points, confirming
that light exposure contributes to bilirubin degradation. However, this reduction was not
sufficient to explain the severely diminished fluorescence previously observed in the BilR-CD
and BilR-WT assays (Figure 3.10).

To assess the effect of kanamycin, additional bilirubin controls were incubated with
the antibiotic in media, without cells. Following incubation, UnaG-expressing E. coli—which
lacks a kanamycin resistance cassette—was added. As shown in Figure 3.12, samples with
kanamycin exhibited lower fluorescence compared to bilirubin-only controls, suggesting
that kanamycin may indeed contribute to degradation. Although the effect was moderate, it
warranted further investigation.

A subsequent experiment was performed to explore whether diluting kanamycin could
mitigate this effect (Figure 3.13). Bilirubin was tested at multiple concentrations (6, 3, and
1.5 µM) in the presence of undiluted and diluted kanamycin (1:3 and 1:4 in LB medium).
Among these, the 1:3 dilution at 6 µM bilirubin yielded a notably stronger fluorescence
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Figure 3.12.: Effect of light exposure and kanamycin on bilirubin fluorescence. Fluorescence
was compared between covered and uncovered samples at 2 h and 4 h, and in
the presence or absence of kanamycin across various bilirubin concentrations.
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Figure 3.13.: Fluorescence intensity of bilirubin samples in the presence of diluted kanamycin
(1:3 and 1:4), compared to undiluted kanamycin and bilirubin-only controls.

signal, indicating reduced degradation. However, the remaining dilutions produced results
comparable to the kanamycin-positive control, suggesting that while dilution may help under
certain conditions, it does not fully account for the signal loss observed in earlier experiments.
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Another variable considered was incubation time. Given that the BilR validation experiments
were conducted after overnight incubation, it was hypothesised that prolonged exposure may
significantly reduce bilirubin concentration. To test this, bilirubin fluorescence was measured
after 1, 2, 4, 6, and 18 hours of incubation (Figure 3.14). A marked decline in fluorescence
was observed as early as 2 hours, with only minimal signal remaining after 18 hours. These
findings suggest that prolonged incubation results in extensive bilirubin degradation, likely
explaining part of the signal loss in the BilR-CD and BilR-WT assays.

While this does not explain all anomalies—particularly the presence of fluorescence in
samples where no bilirubin was added—it strongly indicates that bilirubin degradation
over extended incubation times is a significant contributing factor to the observed results.
Minimising light exposure and reducing incubation time are therefore crucial for preserving
signal integrity in future applications of the IPTG–UnaG system.
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Figure 3.14.: Bilirubin degradation over time. Fluorescence was monitored after 1, 2, 4, 6, and
18 hours of incubation. A strong time-dependent decrease in fluorescence is
evident, with minimal signal remaining at 18 hours.

To assess whether bilirubin ditaurate (BDT) exerted any toxic or inhibitory effects on E. coli, an
experiment was conducted using both the UnaG-expressing strain and the K-12 Keio strains. It
was hypothesised that BDT might impair cell viability or metabolism, potentially accounting
for the low and inconsistent fluorescence signals previously observed (Figure 3.11).

However, as shown in Figure 3.15, BDT did not exhibit any observable toxic effect on
either UnaG or Keio E. coli. On the contrary, cultures supplemented with 25 µM BDT appeared
to be slightly more viable than those treated with 12.5 µM, suggesting no detrimental impact
at either concentration. These findings indicate that BDT is unlikely to be the cause of the
weak and anomalous fluorescence signals observed in previous experiments.
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conditions.
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4.1. Bioinformatic Identification of Candidate Urobilinogen
Reductases

This study presents a comprehensive bioinformatic approach to identify candidate
urobilinogen reductases (UroR) within the Oligo Mouse Microbiome (OMM21) consortium.
Through targeted sequence homology searches, functional annotation pipelines, and
systematic filtering of oxidoreductase classes, a refined list of plausible UroR candidates has
been established. The integration of multiple methodological layers—including literature
review, BLASTP screening, and EC-based classification—provides both breadth and specificity
to the search for enzymes involved in urobilinogen reduction.

The identification of homologues to known bilirubin reductases (BilR) across the OMM21
strains highlights the widespread presence of reductive capabilities in the consortium. Notably,
perfect matches for both short and long BilR variants in Flintibacter butyricus, Escherichia Coli
and Thomasclavelia ramosa suggest strong evolutionary conservation of these reductases.
These strains emerge as leading candidates for further functional validation, potentially
representing previously uncharacterised sources of UroR activity.

Discrepancies between the short and long BilR homology searches underscore the importance
of using multiple reference sequences to capture sequence divergence across species. Some
strains lacking hits in one search yielded strong homologues in another, indicating possible
variations in the structural domains or functional motifs of BilR-like enzymes across taxa.
This observation further justifies the complementary use of both short- and long-form query
sequences.

The EC-based annotation pipeline enables an orthogonal line of evidence, independent of
direct sequence homology. Class 1 oxidoreductases (EC 1.-.-.-) and particularly the CH–CH
acting subclass (EC 1.3.-.-) were targeted due to their relevance in redox transformations.
The combination of ECPred and EggNOG-mapper ensured robustness, albeit with striking
disparities in annotation coverage. Contrary to expectations, ECPred—a tool based on an
older dataset—consistently identified more EC-annotated proteins than the more recent
EggNOG-mapper. This counterintuitive result may stem from differences in annotation
stringency or underlying database breadth and should be considered when interpreting
comparative outputs.
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A particularly valuable outcome of the annotation-based screening was the identification of 15
overlapping oxidoreductases between Bacteroides caecimuris and Akkermansia muciniphila.
This convergence among phylogenetically distant strains suggests potential conservation of
function and strengthens the candidacy of these shared enzymes. However, closer inspection
revealed that 13 of these enzymes are well-characterised with established functions, while the
remaining two are annotated as hypothetical proteins with unknown roles. This implies that,
if either species harbours a candidate UroR enzyme, it is most likely among the hypothetical
proteins or corresponds to a protein not captured by either ECPred or eggNOG-mapper
(39; 40; 41; 42; 43; 44; 45; 46; 47).

Importantly, the literature review conducted in parallel did not yield any prior reports of
urobilinogen reduction by OMM21 members or other gut commensals. This absence of existing
evidence further emphasises the novelty of the present study and validates the rationale
for a bioinformatics-first discovery approach. The results presented here mark the first step
toward establishing a functional role for gut microbes in urobilinogen reduction, a pathway of
potential relevance for host-microbiome metabolic interactions.

The main limitation of this work lies in the reliance on in silico annotation and homology
inference, which cannot definitively confirm enzymatic activity. While the combination of
homology and EC classification provides strong predictive power, only functional assays
can validate the reductive capabilities of the candidate proteins. Additionally, annotation
discrepancies between tools underscore the need for cautious interpretation of in silico
predictions.

Future research should prioritise experimental validation of the high-confidence candidates
identified herein, particularly those with perfect or near-perfect query coverage and
low E-values. Expression studies in heterologous systems or activity-based assays using
synthesised urobilinogen substrates would directly confirm enzymatic function. In parallel,
metatranscriptomic or proteomic profiling of OMM21 strains during co-culture or host
colonisation could offer insight into the regulation and relevance of these enzymes in vivo.

In summary, this study establishes a robust and reproducible framework for identifying
candidate urobilinogen reductases using bioinformatic tools. The findings not only provide
a refined list of functional candidates for experimental follow-up but also pave the way
for uncovering novel metabolic interactions between gut microbes and host bile pigment
metabolism.
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4.2. Development of a Scalable Bilirubin Biosensor

A functional and scalable biosensor system was developed in Escherichia coli to enable
bilirubin detection through fluorescence generated by IPTG-inducible expression of the
UnaG protein. The work combines molecular cloning, transformation, fluorescence assay
development, and biological validation to characterise the system’s specificity, sensitivity,
and robustness under various conditions.

The transformation of E. coli with the pMAL-c5x-UnaG plasmid is confirmed through sequencing
and alignment, which demonstrates high coverage and identity with the reference plasmid.
The successful incorporation of the UnaG gene validates the foundational requirement for the
biosensor platform and supports the integrity of downstream experiments.

The investigation of IPTG concentration reveals that inducer levels up to 4 mM do not
exert toxic effects on E. coli growth, in agreement with prior literature. These results confirm
that IPTG concentrations within this range are suitable for robust induction of UnaG without
compromising cell viability. Similarly, bilirubin and its analogues, urobilin and stercobilin,
are found to be non-toxic across a range of physiologically relevant concentrations, thus
supporting their compatibility with live-cell assays.

Functional testing confirms that fluorescence is specifically induced in the presence of
IPTG and bilirubin in strains harbouring the UnaG plasmid, but not in control conditions
lacking either component. These findings validate the IPTG–UnaG system as a specific and
reliable method for detecting bilirubin in live E. coli cultures. Importantly, stercobilin and
urobilin do not elicit significant fluorescence, indicating low background interference and
high target specificity of the system.

Kinetic analysis identifies 4 hours as the optimal IPTG induction time, yielding the highest
fluorescence signal. Prolonged induction (e.g., 6–18 hours) leads to reduced signal intensity,
possibly due to protein degradation or bilirubin instability. This finding highlights the
importance of optimising induction time to maintain a balance between protein expression
and fluorophore stability. Sensitivity tests demonstrate that the system can reliably detect low
bilirubin concentrations, exceeding the sensitivity of similar systems reported in the literature.

However, the system encounters limitations when applied to more complex biological
validation scenarios. Validation using strains expressing wild-type and catalytically inactive
BilR reveals inconsistent and unexpectedly low fluorescence signals. These anomalies
likely arise from a combination of factors, including bilirubin degradation over extended
incubations, poor bilirubin uptake or retention by cells, and potential interference from
cellular components or media.

Subsequent experiments investigating bilirubin degradation confirm its sensitivity to
both light exposure and prolonged incubation. Notably, fluorescence intensity declines
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markedly when incubating bilirubin for 4–6 hours prior to measurement and is nearly absent
after 18 hours, emphasising the need for rapid measurement post-incubation. The presence
of kanamycin further exacerbates bilirubin degradation, and while dilution of the antibiotic
offers some mitigation, it does not completely restore fluorescence. Thus, antibiotic use and
light exposure represent key variables that must be tightly controlled to ensure reliable assay
performance.

These observations are consistent with the known photolability and oxidative instability of
bilirubin. Under light exposure, the principal photoproduct formed is biliverdin (48; 49). In the
context of neonatal phototherapy, bilirubin undergoes both structural isomerisation—forming
lumirubin and various ZE/EZ configurational isomers, as well as slower photo-oxidation into
colourless derivatives (50). Among these, monoglucuronylated lumirubins are particularly
water-soluble and easily excreted (49; 51; 52), reducing the availability of bilirubin for UnaG
binding.

In addition to isomerisation, chemical analyses confirm the occurrence of photooxidation
in vivo, with products such as propentdyopents and methylvinylmaleimide-derived acids
identified in the urine of neonates receiving phototherapy (53). These compounds were not
found in untreated infants, indicating a direct role of light in promoting oxidative degradation.
While most research has focused on photochemical transformations, bilirubin is also known
to undergo auto-oxidation in air, particularly under aerobic and illuminated conditions, again
yielding biliverdin and other breakdown products (48).

Together, these findings imply that both light-induced and spontaneous oxidation significantly
reduce the stability and availability of bilirubin in vivo and in vitro conditions. This degradation
likely underlies the diminished fluorescence observed in the time points and reinforces
the need for carefully timed and protected assay workflows to preserve the substrate’s integrity.

Validation experiments using E. coli K-12 strains with or without the gusA gene produced
inconsistent and counter-intuitive results. Fluorescence signals were unexpectedly higher in
knockout mutants than in the parental strain, and background fluorescence was detectable
even in the absence of bilirubin. One possible explanation is the biochemical nature of
bilirubin ditaurate (BDT), the substrate used in these assays. As the gusA gene encodes
β-glucuronidase but not a sulfatase or taurase, it is unable to cleave the taurate moieties from
BDT. This raises the possibility that BDT is not converted into unconjugated bilirubin within
the bacterial cells, which may explain the lack of fluorescence activation in the UnaG system
(54; 55).

It is further postulated that the peptide-like bond of BDT is resistant to hydrolysis by
intestinal enzymes, including those expressed by E. coli. As a result, any microbial reduction
of BDT could lead to the formation of a urobilinoid that remains conjugated to taurine. This
would result in a more polar, taurin-conjugated metabolite that is unlikely to bind UnaG or
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fluoresce, thus evading detection by the biosensor. While indirect evidence in the literature
supports the formation of such polar urobilinoid conjugates from BDT, direct validation
remains elusive (54; 55).

Given these uncertainties, it may be more appropriate to validate the gusA knockout
strain using a conventional colourimetric β-glucuronidase assay, rather than relying solely
on the UnaG biosensor. Furthermore, it appears that BDT-based validation may only be
reliable in cell-free in vitro systems where enzymatic cleavage and fluorophore binding can be
tightly controlled. These considerations underscore the need to refine substrate choice and
validation methods when applying the biosensor in complex biological contexts.

In conclusion, while the IPTG–UnaG system performs reliably in controlled settings and
demonstrates high sensitivity and specificity for bilirubin, its application in biologically
complex samples presents challenges. Bilirubin degradation, antibiotic interactions, and
background interference are key factors limiting consistent signal output. Nevertheless, the
system provides a solid framework for bilirubin detection and may be further refined through
improvements in fluorophore stability, uptake efficiency, and assay timing. Future work
should focus on minimising degradation, validating uptake dynamics, and integrating rapid
measurement protocols to enable more accurate in vivo and ex vivo applications.

Next steps of the experimental strategy (once the validation of the IPTG–UnaG system
is complete) could involve attempting to reverse the urobilinogen to stercobilinogen
pathway by converting stercobilinogen back to urobilinogen, and ultimately to bilirubin. If
successful, the resultant metabolites could be analysed using the UnaG-System or liquid
chromatography–mass spectrometry (LC–MS). The genomic profiles of the OMM21 strains
could then be cross-referenced with their observed metabolic activities to identify potential
candidates capable of catalysing this reverse conversion. Particular focus should be
placed on strains harbouring bilR or homologous genes, to assess their involvement in the
urobilinogen-to-stercobilinogen step.
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