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Background As our understanding of gut microbiota’s metabolic impacts on health grows, the interest in
engineered probiotics has intensified. This study aimed to engineer the probiotic Escherichia coli Nissle 1917 (EcN) to
produce indoleacetic acid (IAA) in response to gut inflammatory biomarkers thiosulfate and nitrate.

Results Genetic circuits were developed to initiate IAA synthesis upon detecting inflammatory signals, optimizing
a heterologous IAA biosynthetic pathway, and incorporating a RiboJ insulator to enhance IAA production. The
engineered EcN strains demonstrated increased IAA production in the presence of thiosulfate and nitrate. An IAA-
responsive genetic circuit using the lacR transcription factor from Pseudomonas putida 1290 was also developed for

real-time IAA monitoring.

Conclusions Given IAA's role in reducing gastrointestinal inflammation, further refinement of this strain could lead
to effective, in situ IAA-based therapies. This proof-of-concept advances the field of live biotherapeutic products and
offers a promising approach for targeted therapy in inflammatory bowel diseases.
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Background
The intricate interplay between host organisms and
their gut microbiota is pivotal in maintaining health and
influencing various diseases [1]. Disruptions in the gut
microbiome are linked to a range of conditions, includ-
ing metabolic syndrome [2], immune system malfunc-
tions [3], obesity [4], inflammatory bowel disease (IBD)
[5], and even neuropsychiatric disorders [6]. Gut bacteria
produce metabolites that play crucial roles in these host-
microbiota interactions, significantly affecting health and
disease dynamics.

This intricate connection between microbial metabo-
lites and host health underpins the development of live
biotherapeutic products (LBPs). LBPs are a novel class of
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probiotics engineered to perform therapeutic functions
directly within the host [7]. Advances in systems and
synthetic biology have enabled the design of these probi-
otics to produce specific therapeutic molecules and per-
form precise functions tailored to the host environment
[8]. These microorganisms are equipped with genetic
circuits that detect environmental signals (biomarkers),
process these signals, and initiate appropriate responses.
Each component is modularized into bioparts, allow-
ing flexible adjustments in the ‘Sensing-and-Respond-
ing’ functionality of these cellular systems. This genetic
architecture enables LBPs to undertake diverse activities
based on predefined environmental inputs and desired
therapeutic outputs, including precise localization [9],
biocontainment [10], controlled drug delivery [11], and
regulated colonization [12].

Secondary metabolites, predominantly produced by the
gut microbiota, are crucial in this context [13, 14]. The
dynamics within the microbial community significantly
influence the production of these beneficial compounds
[15-17]. Strategies in LBP development often aim to aug-
ment the production of these metabolites, particularly
when natural microbial production is reduced by antibi-
otics or disease-associated alterations in the microbiome.
For example, the breakdown of dietary proteins releases
tryptophan, which is then converted by gut microbiota
such as Bacteroides species and Clostridium bartlettii
into catabolites like indoleacetic acid (IAA) [18]. IAA,
acting as an aryl hydrocarbon receptor (AHR) ligand [19],
is pivotal in immune modulation, regulating both innate
and adaptive immune systems [20-22] and promoting
protective and anti-inflammatory responses in the gut
mediated by interleukin (IL)-22 [23] and innate lymphoid
cells [24]. Additionally, IAA has been shown to enhance
the efficacy of chemotherapy for pancreatic ductal ade-
nocarcinoma (PDAC), with evidence demonstrating
that dietary modulation or supplementation to increase
IAA levels improves treatment outcomes, particularly in
chemotherapy-resistant PDAC patients [25]. Given IAA’s
role and safety profile within the human intestine, it pres-
ents a viable therapeutic avenue, especially for IBD such
as ulcerative colitis (UC) and Crohn’s disease (CD), which
profoundly affect quality of life. Recent research under-
scores the connection between IBD and alterations in gut
microbiota signaling [13] and tryptophan metabolism
[26], highlighting the potential of AHR-targeted thera-
pies in IBD management.

Our research advances this potential by engineering
the probiotic strain Escherichia coli Nissle 1917 (EcN) to
enhance IAA production in response to specific inflam-
mation-related biomarkers—thiosulfate (S,05%7) [27]
and nitrate (NO;") [28]. This engineering effort began
with the optimization of an IAA biosynthetic pathway in
the EcN strain, followed by the integration of the Ribo]
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insulator to boost IAA synthesis. Subsequently, we devel-
oped EcN strains that not only detect but also respond
robustly to elevated levels of these biomarkers, signify-
ing inflammation. Moreover, we introduced an IAA-
responsive genetic circuit designed for real-time IAA
monitoring, thereby facilitating both intracellular and
environmental assessments of IAA levels.

Methods

Strains and culture conditions

The E. coli strains used in this study are detailed in Table
S1. E. coli DH5a served as the host strain for plasmid con-
struction, while the EcN strain was employed for char-
acterizing IAA biosynthesis and the IAA-biosensor. All
E. coli strains were typically grown at 37 °C in lysogeny
broth (LB) medium (10 g/L tryptone, 5 g/L yeast extract,
and 10 g/L NaCl) with shaking at 200 rpm. For IAA bio-
synthesis experiments, an IAA production medium was
used, which is LB medium fortified with varying con-
centrations of L-tryptophan and 5 g/L KH,PO, at pH
7.0. Additional supplements to the medium, such as
ampicillin, sodium nitrate, potassium thiosulfate, IAA,
and Isopropyl-p-D-thiogalactopyranoside (IPTG), were
added as necessary. All analytical standard materi-
als, including L-tryptophan, indolepyruvic acid (IPyA),
and IAA, were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). The Gibson Assembly master mix was
obtained from New England Biolabs (Beverly, MA, USA).

Plasmid construction

The complete lists of plasmids and oligonucleotide prim-
ers used in this study, as well as the DNA sequences of
the iadl, aspC, ipdC, and iacR genes, are available in
Tables S1, S2, and S3, respectively. All recombinant
plasmids were constructed using the Gibson Assembly
method as per the manufacturer’s instructions. All DNA
oligonucleotides were synthesized by Macrogen (Seoul,
Korea). Standard protocol was followed for PCR amplifi-
cations, employing KOD One PCR Master Mix (Toyobo).
The PCR fragments were treated with Dpnl and puri-
fied using the LaboPass Gel and PCR Clean-up kit (Cos-
moGenetech). The accuracy of the constructed plasmid
sequences was confirmed through Sanger sequencing at
Macrogen.

The generation of the pTSN-IAA1, pTSN-IAA2, and
pTSN-IAA3 plasmids involved producing and assem-
bling three distinct fragments for each plasmid. For
pISN-IAA1, F1, containing the aspC gene, was ampli-
fied from genomic DNA of E. coli MG1655 using aspC-
IF and aspC-IR primers. F2, with codon-optimized ipdC
and iadl genes, was derived from synthesized DNA
using aspC-VF and iad1-IR primers. F3, comprising the
backbone of the pTrc99A plasmid, was amplified with
iad1-VF and aspC-VR primers. These were assembled via
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Gibson Assembly to form pTSN-IAA1. To create pTSN-
IAA2, F1, F2, and F3 were produced from pTSN-IAA1
plasmids. F1 was obtained through PCR with iad1-IF and
iad1-IR, F2 with aspC(B0034)-IF and ipdC-IR, and F3
with rrnBT-VF and lacO-VR primers. These fragments
were then assembled to generate pTSN-IAA2. For pTSN-
IAA3, F1, containing the Ribo] insulator, was prepared
from synthesized DNA using RiboJ-IF and Ribo]-IR
primers. F2 and F3, derived from the pTSN-IAA2 plas-
mid, were prepared with RiboJ(iadl)-VF and ipdC-IR
for F2, and rrnBT-VF and RiboJ(lacO)-VR for F3. These
fragments were then assembled to create the pTSN-IAA3
plasmid.

The pPhsA-IAA4, pPhsA-IAA5, pPhsA-IAA6, pPhsA-
IAA7, pYeaR-IAA1, and pYeaR-IAA2 plasmids were all
synthesized using a two-fragment assembly approach.
For pPhsA-IAA4 and pPhsA-IAA5, the F1 fragment
was PCR-prepared from the pTSN-IAA2 plasmid using
iad1(B0034)-IF and ipdC-IR1 primers. The F2 fragment
for pPhsA-IAA4 came from the pSEVA131-J23114-
TPG plasmid, while for pPhsA-IAA5, it was from the
pSEVA131-J23114-T(D57A)PG  plasmid, both using
ipdC-VF and ThsS(B0034)-VR primers. These frag-
ments were assembled via the Gibson Assembly method
to create the respective plasmids. In a similar fashion,
pPhsA-IAA6 and pPhsA-IAA7 were generated, with F1
from the pTSN-IAA3 plasmid using RiboJ(PphsA)-IF
and ipdC-IR1 primers. F2 for pPhsA-IAA6 was from the
pSEVA131-]J23114-TPG plasmid, and for pPhsA-IAA7,
from the pSEVA131-J23114-T(D57A)PG plasmid, both
using ipdC-VF and RiboJ(PphsA)-VR primers.

Similarly, for pYeaR-IAA1 and pYeaR-IAA2, F1 was pre-
pared from the pTSN-IAA3 plasmid using RiboJ(PyeaR)-
IF and ipdC-IR1 primers. F2 for pYeaR-IAAl was
derived from the pSEVA131-J23113-NPG plasmid,
while for pYeaR-IAA2, it came from the pSEVA131-
J23113-N(H399A)PG plasmid, both using ipdC-VF and
RiboJ(PyeaR)-VR primers. These fragments were then
assembled via the Gibson Assembly method to create the
respective pYeaR plasmids.

The inducible promoters (pPhsA and pYeaR) used in
the inflammation-responsive genetic circuits were previ-
ously characterized for their steady-state transfer func-
tions and dynamic response times [28]. This analysis
provided insights into promoter behavior under various
conditions, informing the selection and optimization of
circuits for timely and robust activation of IAA produc-
tion in response to specific biomarker concentrations.

To generate the placA-sfGFP plasmid, two fragments,
F1 and F2, were prepared. The F1 fragment, which
includes the codon-optimized IacR regulator, consti-
tutive Pjy;;;,, promoter, and native P, promoter, was
amplified from synthesized DNA using the iacR-IF and
PiacA(B0034)-IR primers. The F2 fragment, forming
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the backbone of the placA-sfGFP plasmid, was ampli-
fied from the pSEVA131-J23114-TPG plasmid using
PiacA(B0034)-VF and iacR-VR primers. These fragments
were then assembled using the Gibson Assembly method
to create the placA-sfGFP plasmid.

IAA production

To evaluate IAA production, individual colonies were
picked from LB plates supplemented with 100 pug/mL
ampicillin and inoculated into 3 mL of LB liquid medium
with 100 pg/mL ampicillin. They were cultured at 37 °C
with shaking at 200 rpm overnight to prepare the seed
culture. Subsequently, 50 pL of this seed culture was
added to 5 mL of IAA production medium, also supple-
mented with 100 ug/mL ampicillin, and the cells were
cultivated for an additional 24 h for IAA biosynthe-
sis. Typically, 2 g/L L-tryptophan was added to the IAA
production medium. In the IPTG-inducible system,
IPTG was added to the medium at final concentrations
of 0, 0.05, 0.1, and 0.2 mM when the optical density at
600 nm (ODg,) of the cultured cells reached 0.6 - 0.8. For
the inflammatory biomarker-inducible system, sodium
nitrate or potassium thiosulfate was added at final con-
centrations of 0, 0.04, 0.2, and 1 mM at the beginning
of the main culture. To explore the correlation between
L-tryptophan concentration and IAA biosynthesis, final
concentrations of 0, 0.5, 1, and 2 g/L L-tryptophan were
used. After completing IAA production, 100 pL of the
cell culture was diluted 1:10 with PBS buffer to a total
volume of 1 mL. The ODg,, was then measured using a
UV-VIS spectrophotometer (Ultrospec 8000, GE Health-
care, Uppsala, Sweden) to assess cell growth.

Quantitative analysis of IAA

For quantitative determination, high-performance liq-
uid chromatography (HPLC) analysis was performed to
determine the concentrations of IAA produced, follow-
ing a previously described method with some modifica-
tions [29]. Briefly, 1 mL of cell culture was collected and
adjusted to pH 2.5 with 10% H;PO, and extracted with an
equal volume of ethyl acetate using vigorous vortexing for
5 min. The sample extract was then centrifuged at 15,000
xg for 10 min at 4 °C to separate the phase. Next, 1 mL of
the top layer was transferred into a fresh microcentrifuge
tube and evaporated to dryness. The dried samples were
redissolved in 1 mL of methanol and filtered through a
0.45-pm syringe filter. HPLC analysis was conducted on
an Agilent Technologies 1200 series system (Santa Clara,
CA), equipped with a refractive index detector (RID) and
a Zorbax Eclipse XDB-C18 column (150 mm x 4.6 mm,
Agilent). The oven temperature was maintained at 35 °C.
Quantification of L-tryptophan, IPyA, and IAA was per-
formed at a flow rate of 1 mL/min using a mobile phase of
30:70 (v: v) acetonitrile and 1% acetic acid in HPLC-grade
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water. The detection wavelength was set at 280 nm. The
presence of L-tryptophan, IPyA, and IAA was confirmed
by retention time comparison. A standard curve was cre-
ated using six different concentrations of HPLC-grade
authentic standards of L-tryptophan, IPyA, and IAA.
Quantification was conducted by correlating the peak
areas of the sample extracts with this standard curve.

Characterization of IAA biosensors

EcN cells harboring the placA-sfGFP plasmid under-
went initial overnight growth at 37 °C with shaking at
200 rpm in 3 mL of LB media supplemented with 100 pg/
mL ampicillin. This overnight culture was subsequently
diluted 100-fold in fresh LB media, supplemented with
100 pg/mL ampicillin and different IAA concentrations
ranging from 0 to 1 mM. Then, 200 pL of this culture was
aliquoted into each well of a 96-well CELLSTAR® micro-
plate (Greiner Bio-One) with black walls and clear bot-
toms. For time course experiments, the microplate was
incubated for 24 h at 37 °C in a Tecan Infinite 200 PRO
microplate reader (Ménnedorf, Switzerland) to moni-
tor cell growth and fluorescence signal. Cell growth was
measured at an ODy,, and fluorescence intensities were
recorded with excitation and emission wavelengths set at
488 nm and 515 nm, respectively.

Results and discussion

Optimization of the IAA biosynthetic pathway
Tryptophan, an essential amino acid derived from the
diet, is metabolized by gut microbiota into various indole
derivatives, including IAA, a microbiota-derived ligand
of the aryl hydrocarbon receptor (AHR). IAA is known
to enhance the production of IL-22, which is critical for
maintaining intestinal health and mitigating inflamma-
tion [26, 30]. AHR signaling via IL-22 plays a pivotal role
in suppressing inflammation and preventing colitis in
the gastrointestinal tract [31, 32]. Notably, reduced fecal
IAA concentrations and downregulated AHR expression
have been observed in patients with IBD, underscoring a
potential therapeutic target [26, 32].

In this study, we utilized the probiotic EcN strain as
a chassis for engineering a controlled IAA production
system. Leveraging its genetic tractability, beneficial
properties [33, 34], and the previous studies of IAA pro-
duction [29, 35], we constructed and optimized a meta-
bolic pathway specifically for IAA biosynthesis using the
IPyA pathway (Fig. 1A). This pathway involves three key
enzymes: tryptophan aminotransferase (encoded by aspC
from E. coli), IPyA decarboxylase (encoded by ipdC from
Enterobacter cloacae), and indoleacetaldehyde dehydro-
genase (encoded by iadl from Ustilago maydis).

The engineered strains EcN-IAA1, EcN-IAA2, and
EcN-IAA3 were developed by transforming EcN with
plasmids pTSN-IAA1l, pTSN-IAA2, and pTSN-IAA3,
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respectively. These plasmids contain an IPTG-inducible
Trc promoter to regulate the expression of three enzymes
in IPyA pathway and differ primarily in the arrange-
ment and regulatory elements of the IAA biosynthesis
genes (Fig. 1B). Briefly, pTSN-IAA1 arranges the genes in
the order aspC, ipdC, and iadl under the Trc promoter,
whereas pTSN-IAA2 reorders them to iadl, aspC, and
ipdC under the same promoter. Since Iadl is the key
enzyme in IAA biosynthesis in Ustilago maydis [36], the
iadl gene was placed at the beginning of the pTSN-IAA2
construct to enhance its expression level. pTSN-IAA3
retains the gene order from pTSN-IAA2 but introduces
the Ribo] insulator before iadI to improve gene expres-
sion efficiency. Ribo] is a synthetic ribozyme (insulator)
used to regulate gene expression. RiboJ has been used
to reduce the interactions between genetic elements,
thereby enabling more precise control and predict-
able control of desired gene expression patterns within
genetic circuits [37]. Additionally, the insulator Ribo], a
self-cleaving synthetic ribozyme, has been reported to
significantly boost protein and RNA expression levels
across various promoter strengths within genetic circuits
in E. coli [38].

In this study, we adopted a polycistronic expression
strategy in the pTSN-IAAI, pTSN-IAA2, and pTSN-
IAA3 constructs to simplify plasmid design, reduce size,
and enhance the efficiency of cellular resource utiliza-
tion. This approach enables the simultaneous expression
of iadl, aspC, and ipdC from a single mRNA transcript,
facilitated by the Ribo] insulator to stabilize mRNA and
standardize ribosome binding. Compared to monocis-
tronic systems that employ separate Pr,.-inducible pro-
moters for each gene, the polycistronic strategy addresses
imbalances in transcription and translation. Such imbal-
ances often hinder metabolic efficiency, particularly in
complex pathways like IAA production. While direct
comparisons were not performed, prior studies highlight
the advantages of polycistronic systems in maintaining
balanced enzyme expression and reducing the metabolic
burden [39]. These characteristics underpin the design of
pTSN-IAA3, leading to the observed improvements in
IAA production.

To assess the efficiency of these engineered strains, we
conducted a series of experiments measuring both cell
growth and IAA production under varying IPTG con-
centrations (Fig. 1C and D). Cell growth, measured by
ODyg showed that all engineered strains (EcN-IAAIL,
EcN-IAA2, and EcN-IAA3) maintained similar growth
profiles to the control strain containing the empty vector
pIrc99A (Fig. 1C). This indicates that the genetic modi-
fications did not adversely affect the growth of the EcN
strains under the tested conditions.

To confirm IAA production in the EcN-IAA1 strain,
we inoculated the cells in IAA production medium with
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Fig. 1 Biosynthesis of IAAin£. coliNissle 1917 strain. (A) Schematic representation of the heterologous IPyA pathway for IAA production from tryptophan
(Trp) in the EcN strain. The IPyA pathway consists of three genes: aspC, ipdC, and iad1.The aspC gene encodes tryptophan aminotransferase, the ipdC gene
encodes IPyA decarboxylase, and the iad1 gene encodes indoleacetaldehyde (IAAId) dehydrogenase. (B) Engineering of the IAA biosynthesis plasmids for
enhanced production of IAA. The composition of the IPTG-inducible IAA biosynthesis plasmids (oTSN-IAAT, pTSN-IAA2, and pTSN-IAA3) is depicted. The
EcN strains were transformed with plasmids pTSN-IAAT, pTSN-IAA2, and pTSN-IAA3 to create the ECN-IAAT, EcN-IAA2, and EcN-IAA3 strains, respectively.
(©) Cell growth (ODg) of the engineered EcN strains (ECN-EV, ECN-IAAT, ECN-IAA2, and ECN-IAA3). EV represents the pTrc99A empty vector. (D) IAA titers
(mg/L) of the engineered EcN strains. The engineered EcN strains were cultivated in IAA production medium with 2 g/L tryptophan and induced with
different concentrations of IPTG at an ODy, of 0.6-0.8 for 24 h at 37 °C. After that, cell growth and IAA concentrations were measured using a UV-VIS

spectrophotometer and HPLC analysis, respectively. Data represent the mean and standard deviation (SD) from three biological replicates

IPTG and incubated them for 24 h at 37 °C. After incuba-
tion, we extracted IAA from the cells using ethyl acetate.
HPLC analysis revealed a peak with the same retention
time as the IAA standard (TR=4.09 min, Fig. S1), indi-
cating successful IAA biosynthesis by the engineered
pathway in the presence of IPTG. However, the presence
of an additional peak in the HPLC analysis of the EcN-
IA A1 strain extracts indicates the production of by-prod-
ucts or incomplete pathway efficiency, emphasizing the
need for further pathway optimization. Thus, we created

two additional EcN strains producing IAA: EcN-IAA2
and EcN-IAA3.

The IAA production levels varied significantly among
the engineered strains. In the absence of IPTG, base-
line TAA production was observable, with the high-
est yield noted in the EcN-IAA3 strain (EcN-IAAI,
4.14+0.23 mg/L; EcN-IAA2, 10.65+0.68 mg/L; EcN-
IAA3, 31.83 £2.52 mg/L), suggesting a basal level expres-
sion from the RiboJ-enhanced setup (Fig. 1D). Upon
induction with 0.2 mM IPTG, IAA production in the
EcN-TAA2 and EcN-IAA3 strains increased dramatically,
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yielding approximately 10- (545.18+38.01 mg/L) and
14-fold (793.1 +39.41 mg/L) increases compared to EcN-
IAA1 (56.59+17.27 mg/L).

The comparative analysis of IAA production across
different strains showed that optimizing gene order and
regulatory elements within the plasmids can significantly
influence the metabolic output. The Ribo] insulator sta-
bilizes mRNA and enhances protein expression levels
in Escherichia coli, with increases ranging from two- to
tenfold depending on promoter strength [38]. Previous
studies have demonstrated that Ribo] improves mRNA
stability and increases translation efficiency of down-
stream ribosome binding sites [40]. These findings align
with our observations, where the inclusion of the Ribo]
insulator significantly enhanced IAA production in the
PTSN-TAA3 construct.

Development of the thiosulfate-inducible IAA production
While IL-22 provides beneficial effects, prolonged acti-
vation of the IL-22 pathway can heighten the risk of
colitis-associated cancer, particularly in individuals with
long-standing IBD [41]. To address this, we developed an
IAA production system in EcN that responds specifically
to thiosulfate, an inflammatory biomarker. This system is
designed to produce IAA only in the presence of inflam-
matory signals, preventing continuous IAA production
in the gut.

Initially, we confirmed IPTG-inducible IAA production
in EcN. Next, we developed a thiosulfate-inducible IAA
production system using a thiosulfate-responsive genetic
circuit. This circuit is activated by thiosulfate, a known
gut inflammation biomarker [27].

When thiosulfate is present, ThsS, which is constitu-
tively expressed, undergoes phosphorylation. This, in
turn, leads to the phosphorylation of ThsR, which acti-
vates the expression of the sfgfp reporter gene via the
PhsA promoter [27]. We implemented the iadl-aspC-
ipdC or RiboJ-iad1-aspC-ipdC expression cassettes under
the PhsA promoter, replacing the sfGFP reporter. Addi-
tionally, we modified the IAA production plasmid from
a pMB1 origin of replication to a pBBR1 origin, which is
more stable for consistent gene expression and plasmid
maintenance over time, even under non-selective condi-
tions [42]. These plasmids have proven functional in the
gut of DSS-colitis mouse models [28].

Building on previous studies that showed the L547T
mutation in the ThsS sensory histidine kinase enhances
thiosulfate biosensor performance [28, 43], we created
the pPhsA-IAA4 (ThsS(L547T)-pPhsA-iadl-aspC-ipdC)
and pPhsA-IAA6 (ThsS(L547T)-pPhsA-RiboJ-iad1-aspC-
ipdC) plasmids (Fig. 2A). For comparison, we generated
ThsR(D57A) null mutants in each plasmid by substituting
the phosphoryl-accepting aspartate residue with alanine.
This modification prevents phosphorylation of the ThsR
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response regulator, inhibiting gene expression under the
PhsA promoter, resulting in pPhsA-IAA5 (ThsS(L547T)
R(D57A)-pPhsA-iad1l-aspC-ipdC) and pPhsA-IAA7
(ThsS(L547T)R(D57A)-pPhsA-Ribo]J-iad1-aspC-ipdC)
plasmids. This setup ensured that IAA production was
specifically in response to thiosulfate detection.

To evaluate if these plasmids could induce the IAA
biosynthesis pathway in a thiosulfate-dose-dependent
manner, we transformed EcN cells with each plasmid,
generating the strains ECN-IAA4, EcN-IAA5, EcN-IAAS6,
and EcN-IAA7. These strains were treated with increas-
ing thiosulfate concentrations (0 to 1 mM) for 24 h in
IAA production medium. HPLC analysis assessed IAA
production, and ODg,, measured cell growth at varying
thiosulfate concentrations.

Interestingly, cell growth remained consistent across
all thiosulfate concentrations in the tested strains
(Fig. 2B and D). However, IAA production increased
with higher thiosulfate concentrations in EcN-IAA4
and EcN-IAAG6 strains (Fig. 2C and E). At 1 mM thio-
sulfate, ECN-IAA4 produced 20.6+1.66 mg/L of IAA
compared to 3.97+0.28 mg/L without thiosulfate, indi-
cating a 5-fold increase. Similarly, EcN-IAA6 produced
180.96+10.94 mg/L of IAA at 1 mM thiosulfate, com-
pared to 9.87+0.57 mg/L without it, showing a 43-fold
increase. The EcN-IAA5 and EcN-IAA7 strains, with
the ThsR(D57A) null mutation, consistently produced
around 4 mg/L of IAA regardless of thiosulfate presence,
confirming the specificity of the thiosulfate response.

The significant difference in IAA production between
EcN-IAA4 and EcN-IAA6 strains can be attributed to
the interplay of plasmid origin and the presence of Ribo].
Both strains utilize the low-to-medium-copy-number
pBBR1 ori, which impacts gene dosage and, conse-
quently, the expression levels of biosynthetic enzymes.
The Ribo] insulator in EcN-IAA6 compensates for this
limitation by enhancing mRNA stability and transla-
tion efficiency, resulting in a substantial increase in IAA
production. This highlights the importance of integrat-
ing Ribo] in plasmids with lower replication origins, as it
helps maximize pathway efficiency under constraints of
reduced gene copy number.

Given that IAA can stimulate AHR-DNA response
element binding in vitro with an effective concentration
(ECyp) of 0.2 to 0.5 mM, the EcN-IAA6 strain, producing
IAA above this threshold, shows great promise for practi-
cal applications.

To further evaluate if the thiosulfate-inducible TIAA
production system operates in a manner dependent on
both tryptophan and thiosulfate doses, we treated the
EcN-IAA6 and EcN-IAA7 strains with varying concen-
trations of tryptophan and thiosulfate (0 to 1 mM) for
24 h in IAA production medium. Subsequently, HPLC
analysis was performed to quantify the IAA production
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in an IAA production medium with 2 g/L tryptophan and various thiosulfate levels for 24 h at 37 °C. Cell growth and IAA concentrations were measured
using a UV-VIS spectrophotometer and HPLC analysis, respectively. Data represent the mean and SD from three biological replicates
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of these strains under different conditions. As antici- EcN-IAA6 strain exhibited increased IAA titers with
pated, the EcN-IAA7 strain showed no significant varia-  higher concentrations of both tryptophan and thiosulfate
tion in IAA production across the tested tryptophan  (Fig. 3A). This correlation between IAA production and
and thiosulfate concentrations (Fig. 3B). In contrast, the the levels of tryptophan and thiosulfate in the ECN-IAA6
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strain, while the EcN-IAA7 strain maintained low IAA
levels under the same conditions, highlights the respon-
siveness of the engineered system.

Thiosulfate and nitrate concentrations in the gut are
key determinants for the activation of the inflammation-
responsive circuits designed in this study. While thio-
sulfate concentrations in the healthy gut remain poorly
characterized, nitrate levels are typically undetectable
(<0.01 mM) under normal conditions but rise to 0.2-0.5
mM during inflammation [44]. The engineered circuits
are designed to activate IAA production only within these
elevated ranges, ensuring selective response to inflamma-
tion markers. This specificity aligns with the objective of
minimizing unintended IAA production under healthy
gut conditions, as confirmed by the absence of significant
production during non-induced experiments.

To ensure stable maintenance of the plasmids encoding
IAA biosynthetic genes, we utilized the low-copy-num-
ber pBBR1 ori, which has demonstrated superior stability
under physiological conditions [45]. This choice mini-
mizes plasmid loss over generations and ensures consis-
tent performance of the genetic circuits. While plasmid
retention was not explicitly quantified in this study, prior
validation in animal models [28] supports the robustness
of this design for long-term therapeutic applications.

Collectively, these findings suggest that the engineered
EcN strains with the pPhsA-driven IAA-producing plas-
mid can effectively detect and respond to varying con-
centrations of tryptophan and thiosulfate, leading to
dose-dependent IAA production for both compounds.

Development of the nitrate-inducible IAA production

Inflammatory conditions in the gut stimulate the
increased expression of nitric oxide synthase (iNOS),
leading to higher levels of nitric oxide (NO) production.
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NO, a reactive nitrogen species, readily converts into
nitrate (NO;") [46]. Previous research demonstrated the
construction of a nitrate-responsive genetic biosensor
based on the NarXL two-component regulatory system
in the engineered EcN strain, which produces the sfGFP
reporter protein in response to nitrate detection. In the
presence of nitrate, NarX undergoes phosphorylation,
activating NarL. The phosphorylated NarL then activates
the expression of the sfGFP reporter gene via the YeaR
promoter. These circuits were successfully implemented
in a DSS-induced colitis mouse model for non-invasive
detection of intestinal inflammation [28]. Building on this
success, we aimed to engineer an EcN strain that induces
IAA production in response to nitrate, offering an addi-
tional therapeutic approach for microbiome-related
applications.

To achieve this, we designed genetic circuits compris-
ing the NarXL TCS, which phosphorylates upon binding
to nitrate; the PYeaR promoter, activated by phosphory-
lated NarL; and an IAA production cassette (RiboJ-iad1-
aspC-ipdC) under the control of the YeaR promoter.
Additionally, we generated a NarX(H339A) null mutant
by inactivating the NarX sensory histidine kinase to pre-
vent gene expression under the YeaR promoter, even in
the presence of nitrate (Fig. 4A). We transformed EcN
cells with two plasmids: pYeaR-IAA1l (NarXL-pYeaR-
RiboJ-iad1-aspC-ipdC) and pYeaR-IAA2 (NarX(H399A)
L-pYeaR-RiboJ-iad1-aspC-ipdC), resulting in the EcN-
IAA8 and EcN-IAA9 strains, respectively.

We then exposed the EcN-IAA8 and EcN-IAA9
strains to varying nitrate concentrations (0 to 1 mM)
and measured IAA production. After 24 h in IAA pro-
duction medium, we observed no significant difference
in cell growth across the tested nitrate concentrations
for both strains (Fig. 4B). However, the ECN-IAAS8 strain
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Fig. 4 Development and characterization of the nitrate-inducible IAA biosynthesis. (A) Schematic representation of the nitrate-inducible IAA-producing
plasmids, comprising both the nitrate-responsive genetic circuit and the IAA biosynthesis pathway. The NarX-NarL proteins of the TCS are constitutively
expressed from the J23113 promoter. Upon nitrate presence, the constitutively expressed NarX becomes phosphorylated and, in turn, phosphorylates
NarL. This phosphorylated NarlL then activates the IAA biosynthesis pathway via the YeaR promoter. The pYeaR-IAAT and pYeaR-IAA2 plasmids contain
an operon consisting of the iad1, aspC, and ipdC genes, each with the B0034 RBS, and include a RiboJ insulator upstream of the jadT gene. Additionally,
the pYeaR-IAA2 plasmid incorporates the NarX(H399A) null mutant. (B) Cell growth (ODgy) and (C) IAA titer (mg/L) for pYeaR-IAAT and pYeaR-IAA2 in the
engineered EcN strains with increasing nitrate concentrations (0, 0.04, 0.2, and 1 mM). The engineered EcN strains were cultivated in an IAA production
medium with 2 g/L tryptophan and various nitrate levels for 24 h at 37 °C. After that, cell growth and IAA concentrations were measured using a UV-VIS
spectrophotometer and HPLC analysis, respectively. Data represent the mean and SD from three biological replicates
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exhibited a dose-dependent increase in IAA production
with increasing nitrate concentrations. Specifically, the
EcN-IAAS strain produced 30.95+0.73 mg/L of IAA at 1
mM nitrate, whereas the ECN-IAA9 strain produced only
11.07 £0.65 mg/L IAA, indicating a 2.8-fold increase in
IAA production by the EcN-IAAS strain (Fig. 4C).
Compared to the thiosulfate-inducible system, the
nitrate-inducible system produced lower IAA levels. To
further enhance IAA production in the nitrate-inducible
system, several strategies can be pursued: (1) incorporat-
ing stronger constitutive promoters to enhance narXL
gene expression; (2) improving nitrate-responsive genetic
biosensors for better operational range and induction
fold; (3) engineering the EcN chassis to boost L-tryp-
tophan import and its intracellular production using
metabolic engineering strategies; and (4) screening or
engineering the enzymes Iadl, AspC, and IpdC for more
efficient alternatives using IAA-sensing biosensors.
These results demonstrate that the engineered EcN
strain with the pYeaR-driven IAA-producing plasmid
can detect and respond to varying nitrate concentra-
tions, leading to dose-dependent IAA production.
The chronic nature of intestinal inflammation neces-
sitates the design of living therapeutics that integrate
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multi-input diagnostics and control systems to mitigate
prolonged inflammation-related conditions. Our goal is
to design genetic circuits responsive to both thiosulfate
and nitrate, creating logical gates (AND, OR, NOT, NOR,
and NAND) for precise therapeutic intervention. This
advancement will pave the way for immune-responsive
therapeutics, logically programmed to synthesize IAA in
response to gut inflammation.

Development of IAA biosensors
The limited availability of methods to quantify microbial
tryptophan catabolites, particularly IAA, in biological
samples underscores the need for improved quantitative
analytical techniques that can measure a broader spec-
trum of these metabolites [31]. Genetically encoded bio-
sensors are valuable tools for high-throughput screening
of pathway engineering and strain optimization, enabling
the efficient production of value-added compounds. In
this context, genetically encoded biosensors are invalu-
able not only for engineering the IAA biosynthesis path-
way but also for optimizing the IAA production process
itself.

As a proof of concept, we developed an IAA-biosen-
sor to detect IAA concentrations in the EcN strain. The
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Fig. 5 Development and characterization of the IAA-responsive biosensor. (A) Organization of the iacABCDEFGHI operon and lacR regulator responsible
for IAA catabolism in the P. putida 1290 strain. (B) Schematic representation of the IAA-responsive biosensor in EcN. The lacR regulator from P. putida 1290
is continuously expressed under the control of the P ,;;,, promoter, while the P,,., promoter governs the expression of the sfgfp reporter gene. In the
absence of IAA, the lacR protein is repressing the P, ., promoter; however, in the presence of IAA, IAA binds to the lacR regulator, relieves the repression,
and triggers the expression of sfgfp reporter gene. (C and D) Time-course measurements of (C) cell growth and (D) fluorescence intensities of the EcN-
placR-sfGFP strain in response to varying concentrations of IAA (0-1.0 mM) added to the medium. The EcN-placR-sfGFP strain was cultivated in the LB
medium supplemented with various concentrations of IAA ranging from 0 to 1 mM. Measurements of cell growth (ODg,) and GFP fluorescent signal
(a.u.) were conducted during the 24 h incubation at 37 °C in a Tecan Infinite 200 PRO microplate reader. Data represent the mean and SD from three

biological replicates
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genes responsible for IAA catabolism were identified in
Pseudomonas putida 1290 [47, 48]. The indole-3-acetic
acid catabolism (iac) locus in P putida 1290 includes
the catabolism genes iacABCDEFGHI and the MarR-
family transcriptional regulator IacR (Fig. 5A). The IacR
regulator acts as a repressor of the iac operon, and tran-
scriptional profiling in P putida 1290 revealed that the
iac genes are expressed in the presence of IAA, which
relieves the repression caused by IacR and is responsible
for IAA metabolism.

Leveraging this natural regulatory mechanism, we
developed an IAA-biosensor for measuring IAA levels in
the EcN strain. We engineered a single plasmid, named
placA-sfGFP, derived from the pSEVA131 plasmid, which
carries the IacR regulator, the IacA promoter, and the
sfGFP reporter gene. The expression of the iacR gene
is constitutively driven by the J23114 promoter, while
the sfgfp reporter gene is under the control of the IacR-
responsive lacA promoter (Fig. 5B). In the absence of
IAA, the IacR protein represses the IacA promoter. How-
ever, when IAA is present, it binds to the IacR regulator,
alleviating the repression and leading to placA-controlled
expression of the sfgfp reporter gene.

To assess the correlation between exogenously added
IAA and the fluorescence output signal, we introduced
the placA-sfGFP plasmid into EcN cells, creating the
EcN-placA-sfGFP strain. We subjected the engineered
EcN strain to increasing concentrations of IAA (0 to
1 mM) in LB medium and monitored their growth and
fluorescence responses in real time (Fig. 5C and D). We
observed no significant difference in cell growth (ODg,)
among the various IAA concentrations tested (Fig. 5C).
However, the fluorescence signal from the engineered
EcN strain increased in a dose-dependent manner with
higher IAA concentrations. Specifically, at an IAA con-
centration of 1 mM, there was a 7.65-fold increase in
fluorescence output compared to the condition with no
exogenously added IAA. The IAA-biosensor exhibited a
minimum detection concentration of 31.3 uM (Fig. 5D).

While further enhancements are needed to improve
the performance of the IAA-biosensor, this represents
the first effort, to our knowledge, to construct an IAA-
biosensor using the IacR regulator in the EcN strain.

Conclusion

In this study, we successfully engineered the probiotic
strain EcN for targeted production of IAA in response
to specific inflammatory biomarkers, namely thiosulfate
and nitrate. By optimizing the IAA biosynthetic path-
way and integrating the Ribo] insulator, we enhanced
IAA synthesis. Additionally, we employed genetic cir-
cuits responsive to inflammatory signals to precisely
initiate IAA production. Our results demonstrate that
the engineered EcN strains can detect and respond to
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elevated levels of thiosulfate and nitrate, leading to dose-
dependent increases in IAA production. Specifically, the
strains ECN-IAA4 and EcN-IAA6 showed significant IAA
production when exposed to thiosulfate, while the EcN-
IAAS strain exhibited a marked increase in IAA synthe-
sis in response to nitrate. This specificity was confirmed
by comparing strains with null mutations in the response
regulators, which did not produce IAA in the absence
of their respective inducers. Furthermore, we developed
an IAA-responsive biosensor using the IacR transcrip-
tion factor from P. putida 1290. This biosensor effectively
detected IAA levels, providing a minimum detection
concentration of 31.3 uM and showing promise for real-
time monitoring of IAA in various biological contexts.

The engineered EcN strains, with their ability to pro-
duce IAA in response to inflammatory signals, hold sig-
nificant potential for the treatment of IBD and similar
conditions. The research underscores the feasibility of
microbiome engineering to address complex diseases by
modulating gut microbiota-derived metabolites. Future
work will focus on confirming these findings in murine
models of IBD and further enhancing the strains for
practical therapeutic applications. In summary, this
study advances the field of live biotherapeutic products
by demonstrating a novel approach to engineer probi-
otic strains for inflammation-responsive IAA produc-
tion, opening new avenues for targeted therapy in gut
inflammation and potentially other microbiome-related
diseases.
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