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ABSTRACT: Escherichia coli is a widely studied model organism
and an integral component of the human gut microbiome, offering
significant potential for bacteria-based therapeutic applications.
Despite this promise, engineering native E. coli strains remains
challenging. In this study, we employed the chassis-independent
recombinase-assisted genome engineering (CRAGE) technique to
genetically engineer the native gut strain E. coli EcAZ-1 and the
probiotic strain E. coli Nissle 1917 (EcN). We successfully expressed
a suite of heterologous genes, including the bioluminescent lux
operon, green fluorescent protein (GFP), and oxygen-independent
fluorescent protein IFP2.0, in both strains. Optimization of IFP2.0 fluorescence was achieved under both aerobic and anaerobic
conditions by coexpressing a heme oxygenase gene and/or supplementing the chromophore biliverdin or hemin. Additionally, we
engineered these strains to biosynthesize the bioactive compounds naringenin and mycosporine-like amino acids. This work
highlights the potential of native E. coli strains as versatile platforms for synthetic biology, paving the way for innovative applications
in biomedical research and therapeutic development.
KEYWORDS: native E. coli, E. coli Nissle 1917, synthetic biology, fluorescent proteins, natural products, hypoxic conditions

■ INTRODUCTION
Microbes are ubiquitously present in almost all environmental
niches.1 They play pivotal roles in ecological balance and
processes essential for life on Earth, such as nutrient cycling,
decomposition, food digestion, immunity, and the biosynthesis
of chemicals. With the advent of genetic engineering, the
modification of microbial genomes has become a promising
strategy for addressing multiple societal challenges,2 ranging
from human health and climate change to sustainability and
waste recycling. Despite significant progress, the transformative
potential of microbes remains largely underexploited. Recent
advances in DNA sequencing technologies have shed light on
the extensive genetic diversity of environmental microbes,3,4

uncovering a realm of untapped microbial functionality.
However, the natural microbial repertoire often lacks the
specific traits needed for the desired applications. Over the past
decades, synthetic biology has demonstrated successes in
augmenting the capabilities of microbes, endowing them with
enhanced or novel functionalities.5−8 On the other hand, this
progress has so far been predominantly focused on a limited
set of domesticated or model microbial strains, which are more
tractable to genetic manipulation.9

The human gut microbiota, comprising potentially over
1000 species,10,11 exemplifies the complex interplay between
microbes and human health. Alterations in the microbiome
have been linked to a broad spectrum of diseases, including
cancer, obesity, diabetes, mental health disorders, cardiovas-

cular diseases, inflammatory bowel disease, and infections,12 as
well as influencing the efficacy of therapeutic interventions.13

Given the notable role of the human microbiome in
maintaining and sustaining host health, microbiome engineer-
ing emerges as a promising avenue for health improvement and
disease mitigation.14,15 Indeed, the advances of next-generation
sequencing and bioinformatics have uncovered the genomes of
thousands of microbiome isolates.16,17 These advances
facilitate a deeper understanding of microbiota functionality
down to the strain level.18 Furthermore, new bacterial culturing
methods make it possible to isolate >1000 bacterial species
from the human gut microbiome,19,20 and some isolates have
been used to construct the synthetic microbial community to
investigate the interplays between the microbiome and human
health.21 Nonetheless, the genetic manipulation of microbiome
isolates to achieve desired functionalities presents significant
challenges,15,22,23 with only a few strains, such as Escherichia
coli Nissle 1917 (EcN),24 Bifidobacterium, Bacteroides, and
lactic acid bacteria,25,26 being extensively studied.
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E. coli is one of the most well-characterized model organisms
and has been instrumental in advancing our understanding of
genetics, molecular biology, physiology, and biochemistry.27

Despite its well-characterized status, E. coli exhibits significant
population diversity28,29 with an estimated population in
nature reaching 1020. This bacterium predominantly resides
within the mammalian intestinal microbiome,30 accounting for
0.1−5% of the total community. However, its pathogenic
variants, classified into at least 11 pathotypes, contribute to a
spectrum of intestinal and extraintestinal diseases in humans,31

leading to nearly one million deaths worldwide in 2019.32 The
intricate relationship between E. coli and human health is
further highlighted by the presence of the genotoxic pks+ E.
coli, which harbors a 50-kb colibactin biosynthetic gene cluster
(BGC). These strains are found in approximately 20% of
healthy individuals, 40% of patients with inflammatory bowel
disease, and 60% of colorectal cancer patients.33−35 The
genetic manipulation of E. coli offers a pathway to deepen our
understanding of these interactions, yet challenges persist.
Wild or undomesticated strains of E. coli often resist genetic
modification techniques developed for lab-adapted strains,36

posing a significant barrier to both fundamental and applied
microbial research.
Here, we present the genetic engineering of a native E. coli

strain, EcAZ-1,37 isolated from the fecal sample of a
conventionally raised C57BL/6 male mouse alongside EcN.
EcAZ-1 has demonstrated the ability to persistently colonize
the gut of conventionally raised mice and express transgenes
that can offer protective effects in glucose homeostasis.38 We
successfully employed a transposon-based genomic recombi-
nation method to modify both EcAZ-1 and EcN.39 Using this
method, we incorporated an oxygen-independent fluorescent
protein, IFP2.0,40 into their genomes. IFP2.0’s fluorescence
level was further enhanced by coexpressing a heme oxygenase
and supplying the chromophore of IFP2.0 biliverdin (BV) or
hemin. Furthermore, we successfully expressed IFP2.0 in both
EcAZ-1 and EcN under the control of three hypoxia-specific
promoters. Finally, both strains were engineered to produce
bioactive natural products (NPs) naringenin and mycosporine-
like amino acids,41 showcasing the potential of genetically
engineered native E. coli in biomedical research and
applications.

■ RESULTS AND DISCUSSION
EcAZ-1 and EcN Can Be Engineered by CRAGE. Like

most gut-derived strains, EcAZ-1 remains undomesticated,38

and traditional genetic modification methods such as trans-
formation or transduction have largely failed to introduce the
genetic material. To address this barrier, we sought to engineer
EcAZ-1 using the chassis-independent recombinase-assisted
genome engineering (CRAGE) method (Figure 1),39 which
has enabled the chromosomal integration of genetic materials
up to 100 kb in size in diverse bacteria. The success of CRAGE
in engineering lab E. coli BL21 and EPI30042,43 motivated us to
evaluate its application to EcAZ-1. This method starts by
introducing an accessory plasmid pW17 into E. coli EcAZ-1.
The plasmid carries a landing pad (LP) sequence equipped
with a cre recombinase gene flanked by distinct lox sites and an
enhanced Himar1 mariner transposase. The LP also contains a
T7 RNA polymerase under the control of an IPTG-inducible
promoter, enabling precise gene expression via a T7 promoter.
The transposase facilitates the random chromosomal integra-
tion of the LP (Figure 1), hereafter referred to as the LP-
containing EcAZ-1.44 Subsequently, the region between the
loxP and lox5171 sites is replaced with desired genetic
constructs using the Cre recombinase. To our delight, the
first pass at conjugation of EcAZ-1 with the conjugation donor
E. coli WM6026 harboring pW1739 yielded about 1000
colonies, indicating that EcAZ-1 could be engineered using
this method. To further improve the conjugation efficiency, we
tested various donor (E. coli WM6026 harboring pW17) to
recipient (EcAZ-1) ratios (2:1, 4:1, 6:1, and 10:1) and
incubation times (12 and 24 h). Optimal conditions were
identified as a 6:1 donor-to-recipient ratio and a 12 h
incubation, which produced over 3500 conjugants in a single
experiment.
We then randomly selected an LP-containing EcAZ-1

colony, confirmed by PCR (Figure S1) as described
previously.39 This colony displayed growth comparable to
the wild type (WT) (Figure S2), and we used the optimized
conditions to conjugate it with E. coli WM6026 containing
pW34, a plasmid carrying the luxCDABE operon (lux).39 Upon
IPTG induction, 57 out of 96 randomly picked colonies
produced luminescence (SD = 954.05 units; coefficient of
variation = 11.4%) (Figure 2A). Negative control LP-
containing EcAZ-1 showed no luminescence signal upon
IPTG induction. Additionally, we integrated and expressed the

Figure 1. Schematic representation of genetic engineering of EcAZ-1 and ECN by a chassis-independent recombinase-assisted genome engineering
(CRAGE) method to express fluorescent proteins and natural products. LP, landing pad; T7RP, T7 RNA polymerase; KmR, kanamycin-resistant
gene; AprR, apramycin-resistant gene; Cre, Cre recombinase gene; GOI, gene of interest; NP, natural product.
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lux operon in EcN using the CRAGE method (Figure S1). All
eight randomly picked EcN conjugants produced luminescence
after IPTG induction (Figure S3). These results confirm that
CRAGE is effective for engineering EcAZ-1 and EcN.
We further validated CRAGE by replacing the lux operon in

pW34 with the green fluorescent protein (GFP) and repeated
the conjugation in both LP-containing EcAZ-1 and EcN.
About 75−80% of randomly picked colonies (96 for EcAZ-1
and 20 for EcN) generated fluorescence signals upon IPTG
induction, with EcAZ-1 conjugants showing a slightly higher
average signal than EcN (mean ± SD: EcAZ-1 = 112,782.4 ±
7852.2 fluorescent units; EcN = 107,772.9 ± 6795.7
fluorescent units) (Figure 2B). Negligible fluorescence was
observed in the WT- and LP-containing strains. Overall, our
results establish CRAGE as a robust method for the genetic
engineering of both undomesticated and probiotic E. coli
strains.
Expression of the Oxygen-Independent Fluorescent

Protein IFP2.0 in EcAZ-1 and EcN. Solid tumors commonly
exhibit a hypoxic microenvironment, which significantly
impacts cancer progression and treatment outcomes, including
increased metastasis risk, therapy resistance, and poor
prognosis.45 Previous efforts have explored the use of bacteria,
particularly anaerobes, for targeted delivery to these hypoxic
zones within tumors.46,47 Building on this concept, we aimed
to engineer facultative anaerobes EcAZ-1 and EcN to produce
a fluorescent signal specifically under hypoxic conditions to

enhance tumor imaging capabilities. For this purpose, we
selected IFP2.0, an engineered oxygen-independent, bacterio-
phytochrome-based infrared fluorescent protein, for its
superior performance in whole-body imaging of mice
compared to traditional oxygen-dependent fluorescent proteins
like GFP.40 Because of these properties, IFP2.0 offers
significantly enhanced imaging capabilities in hypoxic environ-
ments, despite having a lower fluorescence quantum yield. We
replaced the lux operon with a codon-optimized IFP2.0 gene
(Table S1) in the plasmid pW34. We then introduced the
construct into E. coli WM6026 for conjugation with the LP-
containing EcAZ-1 and EcN. We randomly selected 20
conjugants of each engineered strain and assessed their
fluorescence signals upon IPTG induction under anaerobic
conditions. Consistent with the GFP expression results (Figure
2B), more than 75% of the conjugants generated detectable
fluorescent signals (Figure S4), which were comparable
between engineered EcN and EcAZ-1 (mean ± SD: EcN =
2042.3 ± 328.1 fluorescent units; EcAZ-1 = 2794 ± 109.6
fluorescent units, Figure 3A). Negligible fluorescence was
observed in WT or LP-containing strains under anaerobic
conditions as well as in positive conjugants without IPTG

Figure 2. Genetic engineering of EcAZ-1 and EcN via the CRAGE
method. A. Luminescence analysis of 96 randomly selected colonies
of EcAZ-1 engineered to express the luxCDABE operon, induced by
0.1 mM IPTG in 96-well microplates. Dark and pink dots represent
the signals of induced and uninduced colonies, respectively. LP-
containing EcAZ-1 (green dot) served as the negative control. A
black-dashed line indicates the average luminescence intensity across
all of the positive colonies. RLU: relative light unit. B. Fluorescence
analysis of randomly picked 96 colonies of EcAZ-1 and 20 colonies of
EcN expressing GFP. Culture was induced by 0.1 mM IPTG and
incubated for 5 h at 37 °C. Fluorescence measurements were taken in
96-well microplates, using an excitation wavelength of 488 nm and an
emission wavelength of 510 nm. The data represent the mean ± SD of
three independent experiments. a.u.: arbitrary units.

Figure 3. Expression of oxygen-independent fluorescent protein
IFP2.0 in EcAZ-1 and EcN. (A) Fluorescence analysis of engineered
EcAZ-1 and EcN expressing IFP2.0. Expressions of IFP2.0 in
engineered EcAZ-1 and EcN were induced by 0.1 mM IPTG in LB
at 37 °C overnight under anaerobic conditions. Fluorescence
measurements were taken in clear-bottom 96-well microplates using
an excitation wavelength of 690 nm and an emission wavelength of
710 nm. The average fluorescence intensity of positive colonies is
shown. Data represent the mean ± standard deviation of three
independent experiments. (B) Improving the fluorescence intensity in
EcAZ-1 and EcN by either supplementing BV or coexpressing HO1 in
the presence or absence of heme (HM). Expressions of IFP2.0 and
HO1 were induced by 0.1 mM IPTG in either GMM or LB at 37 °C
overnight under aerobic conditions. The fluorescence was measured
in a clear-bottomed 96-well plate. The medium was supplemented
with BV (2 μM) or hemin (2 μM). Data are generated after
normalization with the growth and presented as the mean ± SD of
two independent experiments. (C) Media effects on fluorescence
signals. The ratios of fluorescence signals were compared for
engineered EcAZ-1 and EcN cultures in LB and GMM.
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induction. These results demonstrate the successful expression
of IFP2.0 in EcAZ-1 and EcN, which could potentially be
applied to enhanced imaging of hypoxic regions within tumors.
However, we found that GFP exhibited a fluorescence signal

at least 40 times stronger than that of IFP2.0 in engineered
EcAZ-1 and EcN (Figures 2 and 3), highlighting potential
areas for improvement. Since biliverdin (BV) is the
chromophore of IFP2.0,40 we hypothesized that limited BV
availability could be restricting IFP2.0’s fluorescence intensity
in these strains. To test this, we selected one positive colony
exhibiting an average fluorescent signal (Figure S4) and then
induced its IFP2.0 expression by IPTG in both Luria−Bertani
(LB) and gut microbiota medium (GMM), supplemented with
2 μM BV. After normalizing cell growth, this supplementation
enhanced the fluorescence levels of engineered EcAZ-1 and
EcN by 2.6 times in both media after overnight incubation
(Figure 3B), suggesting that enhancing BV availability could
improve the IFP2.0 fluorescence intensity. Notably, fluores-
cence intensities of engineered EcAZ-1 were higher in GMM
than in LB, whereas LB supported slightly higher fluorescence
levels for engineered EcN (Figure 3B,C). To further augment
BV cellular availability, we introduced a codon-optimized heme
oxygenase gene (HO1) from Bradyrhizobium sp. (Table S1),48

along with IFP2.0, replacing the lux operon in the plasmid
pW34.39 HO1 enzymatically converts hemin to BV in the
presence of O2, thereby potentially increasing the intracellular
pool of IFP2.0’s chromophore. The two genes were integrated
into the same locus of the chromosome of LP carrying EcAZ-1
and EcN. We screened ten randomly picked conjugants and
selected one representative clone from each strain (EcAZ-1-
IFP2.0+HO1 or EcN-IFP2.0+HO1) with average fluorescence
levels for further analysis. After normalizing for cell growth, the
coexpression of HO1 enhanced the fluorescence intensity of
EcAZ-1-IFP2.0 by about threefold in both LB and GMM
(Figure 3B), with similar improvements observed for EcN-
IFP2.0+HO1. Supplementation with 2 μM hemin, the
substrate of HO1, further boosted the signal in EcAZ-1-
IFP2.0+HO1 by 1.1 times on average, demonstrating the slight
synergistic effect of precursor supplementation and coex-
pression of HO1 in boosting fluorescence output. Interestingly,
hemin supplementation resulted in only a slight increase in the
fluorescence intensity for EcN-IFP2.0+HO1 in GMM, with no
improvement in LB (Figure 3B). Overall, compared with LB,
GMM supported higher fluorescence signals in EcAZ-1 but not
in EcN (Figure 3C). These results collectively indicate that the
coexpression of IFP2.0 and HO1, combined with hemin or BV
supplementation, significantly enhances the fluorescence level
of engineered bacterial strains.
Expression of IFP2.0 in EcAZ-1 and EcN under

Hypoxia Conditions. Noninvasive tumor imaging in vivo
using engineered bacteria demands hypoxia-specific inducible
systems. We thus evaluated IFP2.0 expression in LB under the
control of three FNR (fumarate and nitrate reduction)-
dependent hypoxia-inducible promoters, including Pfnr,49

FF20, and FF20*, alongside the T7 promoter as a positive
control in anaerobic conditions. The Pfnr promoter series,
particularly the engineered variants FF20 and FF20*, exhibits
high oxygen sensitivity in E. coli and other organisms,
demonstrating equal or superior strength compared to other
hypoxia-specific promoters (e.g., PPepT and PVgb) for
regulating protein expression in E. coli.50 Notably, FF20*
retained 77−84% of its activity under pathological hypoxia in
vivo (0.1−0.5% O2) but was reduced to minimal levels under

mild hypoxic or normoxic conditions.51 We cloned IFP2.0
under the control of these promoters into the backbone of
pW34 and integrated the cassette into the chromosome of LP
carrying EcAZ-1 and EcN. Similarly, over 75% of randomly
selected colonies displayed fluorescence signals, and one
positive colony with an average intensity was selected for
each promoter for further analysis. In EcAZ-1, IFP2.0
expression under the T7 promoter was 1.5- to 1.9-fold higher
compared to the tested hypoxia-specific promoters (Figure
4A). To assess promoter dynamics in EcAZ-1, we measured

fluorescence at 0, 1, 3, 5, and 20 h (Figure S5). After 1 h, the
fluorescence of IFP2.0 under T7 promoter control reached
around 22.4% of its maximal fluorescence intensity, while those
controlled by Pfnr, FF20, and FF20* promoters reached about
17.6%, 14.2%, and 14.3%, respectively. During the first 5 h, the
fluorescence increase rate for the T7 system was 1902.8 units/
h, compared to 1316.2 units/h for Pfnr, 1388.6 units/h for
FF20, and 1516.4 units/h for FF20*. Under aerobic
conditions, fluorescence from the hypoxia-specific promoters
did not increase over time (Figure S5). Similarly, FF20, FF20*,
and Pfnr drove significant expression of IFP2.0 in EcN under

Figure 4. Hypoxia promoters activate the expression of IFP2.0 in
EcAZ-1 and EcN under anaerobic conditions. (A) Fluorescence
analysis of EcAZ-1 and EcN expressing IFP2.0 controlled by T7, Pfnr,
FF20, and FF20* promoters. Engineered strains were cultured in LB
in 96-well microplates at 37 °C until the log phase. The protein
expression was then induced by 0.1 mM IPTG for the T7 promoter or
was placed under anaerobic conditions for the hypoxia promoters. BV
(2 μM) was supplied, and the cultures were further incubated
overnight. Fluorescence measurements were taken in clear-bottom 96-
well microplates using an excitation wavelength of 690 nm and an
emission wavelength of 710 nm. Aerobic fermentation was used as the
negative condition for hypoxia-specific promoters. The data represent
the mean ± standard deviation of three independent experiments. (B)
Effect of BV supplementation on fluorescent signals. The fold
improvement of fluorescence intensity by BV supplementation was
calculated by dividing the fluorescence intensity of a sample
supplemented with BV from that without BV supplementation.
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anaerobic conditions (Figure S6), although the expression was
lower compared to EcAZ-1 (Figure 4A). Supplementation of 2
μM BV further enhanced IFP2.0 fluorescence regulated by
hypoxia-specific promoters in both EcAZ-1 and EcN by 2.7 to
4.2 times (Figure 4), reaching fluorescence levels comparable
to those under T7 promoter control. Similar results were
observed when these experiments were performed in GMM
(Figure S7), where both engineered strains showed slightly
improved growth compared with LB (Figure S8). After growth
normalization, engineered EcAZ-1 and EcN produced
comparable fluorescence signals (fluorescence/OD600) in
both media (Figure S7). Furthermore, BV supplementation
resulted in a greater improvement of fluorescence signals
controlled by hypoxia-dependent promoters in both strains in

LB, compared with the T7 promoter (Figure 4B). A similar
improvement across all promoters was observed in GMM
(Figure S7C). Collectively, these results underscore the
effectiveness of hypoxia-specific promoters in regulating
IFP2.0 expression under anaerobic conditions, demonstrating
the potential of engineered EcAZ-1 and EcN as cancer-specific
imaging tools.
Heterologous Production of Naringenin and Myco-

sporine-Like Amino Acids in EcAZ-1 and EcN. Natural
products have long been used for human health maintenance
and disease treatment.52,53 E. coli is a model synthetic biology
chassis in the heterologous production of natural products.54

We sought to evaluate if the native gut E. coli EcAZ-1 can be
used to produce bioactive natural products. We first tested the

Figure 5. Heterologous production of bioactive naringenin and mycosporine-like amino acids in EcAZ-1 and EcN. (A) HPLC analysis of EcAZ-1
expressing the naringenin BGC under aerobic (iii) and anaerobic (ii) conditions. Engineered EcAZ-1 without IPTG induction under aerobic
conditions (i) and naringenin standard (iv) served as controls. The detection wavelength is 283 nm. (B) Extracted ion chromatogram (EIC, m/z =
273.03−273.13) shows traces of ethyl acetate extraction of engineered EcAZ-1 (iii) and EcN (iv). Engineered EcAZ-1 without IPTG induction (i)
and naringenin standard (ii) served as controls. The experiments were conducted under aerobic conditions. (C) HRMS analysis of naringenin
produced by engineered EcAZ-1. (D) EIC traces of porphyra-334 (m/z = 347.1439−347.1459, ii), MG (m/z = 246.0965−246.0979, iv), and 4-DG
(m/z = 189.0751−189.0763, iv) in the methanolic extraction of EcAZ-1 engineered with the MAA BGC. Standard MG (ii) and 4-DG (iv) served
as controls, and engineered EcAZ-1 without IPTG induction acted as a negative control. The induced production of MAAs was performed under
aerobic conditions. HRMS traces of 4-DG, MG, and porphyra-334 produced by engineered EcAZ-1 showed expected m/z values. EIC and MS
traces of different metabolite molecules are shown with different colors.
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production of the flavone naringenin, which is produced by a
variety of plants and shows many beneficial effects on human
health, such as scavenging reactive oxidative species and
modulating carbohydrate metabolism and immune re-
sponses.55 Starting from L-tyrosine, the biosynthesis of
naringenin requires four enzymes: L-tyrosine ammonia-lyase
(TAL), 4-coumarate-CoA ligase (4CL), chalcone synthase
(CHS), and chalcone isomerase (CHI) (Figure S9A). We
synthesized these four genes, assembled as a single operon
under the control of the T7 promoter (Table S1), and cloned
the pathway into vector pW5Y for conjugation with LP-
containing EcAZ-1. We randomly picked one colony
confirmed by PCR for producing naringenin (Figure S10).
After IPTG induction and overnight incubation at 18 (aerobic)
or 37 °C (anaerobic) and shaking at 180 rpm, the bacterial
cultures were extracted three times with equal volumes of ethyl
acetate. The combined organic layers were dried and
resuspended in 200 μL of acetonitrile for analysis by HPLC
and LC-MS. We observed the production of naringenin under
both aerobic and anaerobic conditions (Figure 5A), with
aerobic production being approximately 1.3 times higher. This
difference may be attributed to the increased temperature
during anaerobic fermentation. The identity of naringenin was
confirmed by HRMS-EIC analysis (observed [M + H]+ =
273.0750, calculated [M + H]+ = 273.0757) (Figure 5C) and
HR-MS/MS fragmentation (Figure S11A), matching the
authentic standard. Similarly, we engineered EcN to express
the naringenin BGC and observed the production of
naringenin under aerobic conditions (Figure 5B). The aerobic
yield of naringenin in EcAZ-1 was determined as 202 ng/mL
that is about 9 times higher than EcN (23 ng/mL), which
might be relevant to the differences in their genetic
background and chromosomal location of the inserted
BGC.56,57

We further evaluated the capability of EcAZ-1 to produce
mycosporine-like amino acids (MAAs), a family of natural UV
protectants.58 MAAs also possess anti-inflammatory, anti-
oxidative, and antiaging properties. The biosynthesis of
disubstituted MAAs starts from the conversion of an
intermediate of the pentose phosphate pathway, sedoheptulose
7-phosphate, into 4-deoxygadusol (4-DG) by MysA (a
dehydroquinate synthase homologue) and MysB (an O-
methyltransferase) (Figure S9B).58 Subsequently, MysC and
MysD, two ATP-grasp enzymes, sequentially produce
mycosporine-glycine (MG) and disubstituted MAA analogs
such as porphyra-334. Using the same method as the
heterologous production of naringenin in EcAZ-1 and EcN,
we expressed the MAA BGC from the cyanobacterium Nostoc
linckia NIES-2559 under the control of the T7 promoter. After
induction by 0.1 mM IPTG at 18 °C and 200 rpm overnight
under aerobic conditions, HPLC, HRMS, and HRMS/MS
analysis revealed the production of porphyra-334 (observed
[M + H]+ = 347.1441, calculated [M + H]+ = 347.1449) as
well as biosynthetic intermediates MG (observed [M + H]+ =
246.0969, calculated [M + H]+ = 246.0972) and 4-DG
(observed [M + H]+ = 189.0756, calculated [M + H]+ =
189.0757) by the engineered EcAZ-1 (Figures 5D and S11B−
D). We observed a lower yield of these compounds under
anaerobic conditions (Figure S12), which might be due to the
altered metabolic flux and slower growth of EcAZ-1.60,61 We
performed the same experiments for the integration and
expression of the MAA BGC in EcN. MG and porphyra-334
were produced by EcN under both aerobic and anaerobic

conditions (Figure S12). No 4-DG was detected in the
anaerobic fermentation of engineered EcAZ-1 and EcN.
Altogether, our results demonstrated that EcAZ-1 and EcN
are promising chassis to produce different families of bioactive
molecules, presenting new opportunities to develop bacteria-
based approaches to sustain human health.
In conclusion, our work demonstrates the efficacy of the

CRAGE method in genetically engineering native and
probiotic E. coli strains EcAZ-1 and EcN, respectively. The
successful integration of functional genes such as GFP and
IFP2.0 into these strains not only underscores the versatility of
CRAGE but also enhances our capabilities for detailed
functional studies and biotechnological applications in health
and disease contexts. Notably, the engineered strains exhibited
fluorescence signals under both aerobic and anaerobic
conditions, demonstrating their potential as imaging tools for
studying hypoxic tumor microenvironments in the future.
Additionally, the successful production of bioactive natural
products in engineered EcAZ-1 emphasizes the expanded
biotechnological applications of this strain, which robustly
colonizes the gut of conventionally raised mice.38 Naringenin is
known for its immunomodulatory and anticancer properties,55

while MAAs are recognized for their antioxidant and anti-
inflammatory activities.58 This study also encourages the
further exploration of native microbiota as a rich resource for
addressing complex biological challenges.62 The CRAGE
method employs a transposon-based system combined with
conjugation (Figure 1) to introduce single or multiple genes
into a broad range of nonmodel species, including members of
Proteobacteria and Actinobacteria.39 While EcN has tradition-
ally been engineered with only one or a few genes, primarily
through transformation,24,50 this study expanded its genetic
toolkit by utilizing the conjugation-based CRAGE method for
the highly efficient integration of large genetic constructs.
More recently, the CRAGE method has been improved with
the integration of clustered regularly interspaced short
palindromic repeats (CRISPR) technology, enabling precise
genome editing of recipient cells63 and further broadening its
potential for engineering undomesticated E. coli strains. Future
work would also aim to leverage the CRAGE method to
manipulate genetically resistant, undomesticated strains widely
available in diverse environments and rigorously assess the
functionalities of engineered EcAZ-1 and EcN in cellular and
animal models. These efforts hold considerable promise for
advancing microbiome-based therapeutic strategies and
synthetic biology innovations.

■ MATERIALS AND METHODS
General Methods. Reagents and chemicals were pur-

chased from major vendors, e.g., Thermo Scientific, New
England Biolabs, Fisher Scientific, and Sigma-Aldrich. Plasmid
preparation and DNA purification were performed with a
GeneJET Plasmid Miniprep Kit and a GeneJET Gel Extraction
Kit (Thermo Scientific), respectively. Genes were synthesized
by Twist Bioscience. Primers were ordered from Sigma-
Aldrich. E. coli DH5α (Agilent) was used for routine cloning.
E. coli Nissle 1917 (EcN) was provided by Ardeypharm,
Germany. The plasmids pW17, pW5Y, and pW34 were
obtained from Addgene with catalog IDs 158207, 158211,
and 158210, respectively.
Engineering of EcAZ-1 and EcN by the CRAGE

Method. We followed the published experimental procedures
of the CRAGE method.39 To optimize the conjugation
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efficiency between EcAZ-1 and E. coli WM6026, we mixed
different ratios of the donor (E. coli WM6026 harboring
pW17) to the recipient (EcAZ-1) (2:1, 4:1, 6:1, and 10:1) and
washed the mixture three times with fresh LB. The pellets were
then resuspended in 50 μL LB with 0.3 mM DAP
(diaminopimelic acid) and transferred onto a nitrocellulose
filter membrane on an LB agar plate containing 0.3 mM DAP.
The plate was then incubated at 37 °C for 12 or 24 h. The
bacterial mixtures were then scraped off and washed with 1 mL
of fresh LB three times. The pellets were then resuspended in 1
mL of fresh LB, and 100 μL of the mixtures were plated on an
LB plate containing 50 μg/mL kanamycin. Following overnight
incubation at 37 °C, the numbers of grown colonies were
counted to evaluate the conjugation efficiencies under different
conjugation conditions. The chromosomal integration of the
landing pad from pW17 in the recipient was then confirmed by
PCR analysis of about 3−7 randomly picked colonies (Figure
S1, Table S2).
Fluorescence Protein Expression and Fluorescence

Measurement. To construct the fluorescent protein-express-
ing strains, the backbone of pW34 (without the luxABCD
operon) was ligated with synthetic IFP2.0, IFP2.0+HO1, or
GFP genes at BamHI/EcoRI sites, along with the T7, Pfnr,
FF20, or FF20* promoter. Subsequent conjugation and
chromosomal integration into LP-containing EcAZ-1/EcN
followed the CRAGE method.39 The gene integration was
verified by colony PCR and antibiotic counterselection.
Fluorescent protein-expressing strains were grown in 2 mL of
medium (LB or gut microbiota medium, GMM) containing 50
μg/mL apramycin at 37 °C and shaking at 250 rpm overnight.
The cultures were then diluted 1000 times into 96-well clear-
bottom microplates, each well containing 200 μL of LB or
GMM with 50 μg/mL apramycin. After growing at 37 °C and
220 rpm until the log phase, the protein expression was
induced by 0.1 mM IPTG or by anaerobic conditions in an
anaerobic chamber (Whitley DG250 Anaerobic Workstation).
BV (2 μM) or heme (2 μM) may also be supplied to the
culture medium at this time. Culture tubes or 96-well plates
were covered with aluminum foil to protect BV from light. For
anaerobic experiments, all necessary materials, reagents, and
media were degassed and preincubated in the chamber in
advance. After induction, strains were then incubated at 37 °C
and 220 rpm for 12−20 h aerobically or anaerobically. Before
fluorescence measurements, 96-well microplates containing
anaerobic cultures were sealed with a parafilm. Fluorescence
measurements of the samples were carried out on a BioTek
Synergy H1 Multimode Reader with excitation at 690 nm and
emission at 710 nm for IFP2.0 expression and with excitation
at 488 nm and emission at 510 nm for GFP expression. The
fluorescence from wild-type strains or those integrated with the
LP as negative controls was used for the normalization of
fluorescence signals. Two to three technical replicates were
conducted for the measurement. The OD600 values of the
samples were also measured.
Heterologous Production of Naringenin and MAA.

To construct the naringenin BGC, synthesized genes encoding
TAL, 4CL, CHS, and CHI were inserted into the XhoI,
HindIII, SacI, and BamHI, respectively, on pET28b (+) along
with the T7 promoter (Table S1). The gene cluster was then
amplified and cloned into the NotI/SacII sites of pW5Y to
create pW5Y-Nar. To construct the MAA BGC, the mysABCD
cluster along with the T7 promoter was amplified from
pETDuet-1-mysABCD59 and cloned into NotI/SacII sites of

pW5Y to create pW5Y-MAA. The conjugation and chromo-
somal integration into EcAZ-1 and EcN followed the CRAGE
method and the procedure described above. To evaluate the
production of naringenin or MAA, engineered strains were
cultured in 100 or 200 mL of LB containing 50 μg/mL
apramycin at 37 °C and 220 rpm until the OD600 reached 0.6.
Protein expression was then induced by adding 0.1 mM IPTG
and culturing at 18 or 37 °C at 180 rpm overnight. Anaerobic
fermentation was performed in an anaerobic chamber (Whitley
DG250 Anaerobic Workstation). All necessary materials,
reagents, and media for anaerobic experiments were degassed
and incubated in the chamber overnight in advance. Strains
were inoculated and grown in the chamber at 37 °C overnight
prior to the experiments. BGC expressions, culture incuba-
tions, strain harvesting, and liquid−liquid extractions were
conducted in the chamber. The extracted collections in glass
vials were sealed with parafilm and immediately subjected to
evaporation using a rotary evaporator. The other conditions
were the same as aerobic experiments. To prepare naringenin
extracts, the culture was extracted with an equal volume of
ethyl acetate three times. The organic extracts were collected,
combined, dried, and evaporated in the speed vacuum
concentrator. The residues were resuspended in 200 μL
acetonitrile, and after centrifugation, 10 μL of the solution was
injected for HPLC and HRLC-MS for analysis. To extract
MAAs, cell pellets were collected after centrifugation at 4500
rpm for 10 min and then extracted with 2 mL of methanol
twice. Methanolic extracts were combined and dried in the
speed vacuum concentrator, and the residues were resus-
pended in 200 μL water for LC-HRMS and HR-MS/MS for
analysis.
HPLC and LC-MS Analysis. HPLC analysis was performed

on a Shimadzu Prominence UHPLC system (Kyoto, Japan)
fitted with an Agilent Poroshell 120 EC-C18 column (2.7 μm,
4.6 mm × 50 mm), coupled with a PDA detector. The HPLC
program started with 1% solvent B (methanol with 0.1%
formic acid) for 1 min, followed by a linear gradient of 1−20%
solvent B in 3 min and another linear gradient of 20−95%
solvent B in 4 min. The column was further cleaned with 95%
solvent B for 1 min and then re-equilibrated with 1% solvent B
for 1 min. Solvent A was water with 0.1% formic acid. The flow
rate was set at 0.5 mL/min. The same LC program was used in
the LC-MS analysis on a Thermo Scientific TSQ Altis Plus
Triple Quadrupole Mass Spectrometer with a Thermo
Scientific Vanquish HPLC system. The system was equipped
with an H-ESI ion source. Molecules in samples were analyzed
in both negative and positive modes at 3500 and 2500 V,
respectively. Electrospray ionization was used for MS
detection, and ion counts for a particular m/z peak were
determined by peak height. LC-HRMS and HRMS/MS were
conducted on a Thermo Scientific Q Exactive Focus mass
spectrometer with a Dionex Ultimate RSLC 3000 uHPLC
system, equipped with the H-ESI II probe on an Ion Max API
Source. Acetonitrile (B)/water (A) containing 0.1% formic
acid was used as the mobile phase. The LC analysis was
performed using the same program parameters as those used
for the HPLC analysis. The eluents from the first 1 min were
diverted to waste by a diverting valve. The gradient is such that
that B phase increases from 5% to 95% from 2 to 12 min, keeps
95% for 1 min, and then drops back 5% in 1 min. MS1 signals
were acquired under the full MS positive ion mode, covering a
mass range of m/z 150−750, with the resolution at 35,000 and
AGC target at 1 × 106. Fragmentation was obtained with
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parallel reaction monitoring (PRM) using an inclusion list of
calculated parental ions. The AGC target was set at 5 × 104 for
MS2. Precursor ions were selected in the quadrupole, typically
with an isolation width of 3.0 m/z, and fragmented in the
HCD cell at a collision energy (CE) of 20.
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