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Abstract
Background  The probiotic Escherichia coli Nissle 1917 (EcN) is a promising microbial chassis for therapeutic and 
industrial applications. However, its broad utility is limited by a lack of reliable inducible gene expression systems that 
precisely control gene expression.

Results  We developed a tagatose-inducible expression system in EcN using D-tagatose, a naturally occurring 
sugar with established safety in humans, as a metabolizable inducer. Through differential RNA sequencing and 
sequence analysis, we identified the key regulatory elements governing D-tagatose catabolism in EcN and 
demonstrated that the DeoR family regulator (TagR) functions as a tagatose-responsive repressor. The developed 
system exhibited a strong dose-dependent response to D-tagatose, ensuring uniform and tunable gene activation 
across cell populations. Additionally, a catabolite repression-enabled auto-induction strategy facilitated robust 
biomass accumulation, followed by targeted protein production. This expression system was successfully applied to 
overexpress recombinant proteins under both aerobic and anaerobic conditions.

Conclusions  D-Tagatose is a naturally occurring low-calorie sugar that can serve as an inducer in vivo, including 
within the human gut microbiome. Thus, the tagatose-inducible expression system provides EcN with an additional 
tunable option for gene regulation, which may be valuable in applications such as synthetic biology and metabolic 
engineering.
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Background
Genetic engineering of probiotics such as Lactoba-
cillus and Bifidobacterium species has great poten-
tial as an innovative therapeutic approach because of 
their extensive metabolic potential and essential roles 
in host health and disease [1, 2]. Among these, Esch-
erichia coli Nissle 1917 (EcN), a gram-negative pro-
biotic bacterium, has a well-established safety profile 
and has long been used to treat intestinal disorders, 
such as inflammatory bowel disease (IBD), ulcerative 
colitis, and diarrhea [3, 4]. With its probiotic proper-
ties, proven safety record, and amenability to genetic 
engineering, EcN has emerged as a versatile platform 
for developing living therapeutics to diagnose, pre-
vent, and treat a variety of diseases [5, 6]. Notably, EcN 
has been genetically engineered as a living therapeu-
tic strategy for colorectal cancer, IBD, and other meta-
bolic diseases [5].

The development of live bacterial therapeutics 
hinges on precisely modulating gene expression so that 
the production of therapeutic molecules is restricted 
to the intended tissues or cells, thereby minimizing 
off-target effects and preventing harm to normal cells. 
Achieving targeted expression relies on the use of 
robust inducible promoters capable of ensuring high-
level protein or metabolite production in specific envi-
ronments. In this context, EcN has been engineered by 
inserting the T7 RNA polymerase gene into its chro-
mosome under the control of the lacUV5 promoter, 
which is activated by the addition of isopropyl-β-D-1-
thiogalactopyranoside (IPTG) to the growth medium 
[7–9]. However, the T7 system often competes with 
housekeeping protein expression for RNA synthesis 
resources, causing a metabolic burden and reducing 
bacterial growth [10].

Consequently, circumventing this toxicity typi-
cally requires the complex optimization of target pro-
tein expression [11], potentially limiting the broader 
applicability of the expression system. An alterna-
tive to chemical induction involves the use of light to 
induce gene expression, which offers a less toxic and 
more convenient solution in clinical settings. Light-
inducible gene expression systems have been explored 
in engineered EcN to produce anti-tumor proteins 
within tumors in response to near-infrared (NIR) 
light [12, 13]. However, the limited penetration of NIR 
light through the body poses challenges for its clini-
cal application [5]. Thus, the development of alterna-
tive, clinically feasible induction methods may further 
enhance the regulation of therapeutic protein expres-
sion in EcN for medical and industrial applications.

In clinical applications, the choice of an inducer for 
gene expression systems prioritizes nontoxic and bio-
compatible options to ensure patient safety. Although 

synthetic compounds such as IPTG are effective in 
laboratory settings, they pose potential health risks 
owing to their possible chronic toxicity and uncertain 
long-term effects. Alternatively, naturally occurring 
sugars, such as arabinose and xylose, are appealing for 
clinical applications because of their low cost and bio-
compatibility. However, their presence in the human 
diet and rapid metabolism in the human body can lead 
to inconsistent inducer levels, limiting their ability to 
reliably activate engineered bacteria in the gut. Conse-
quently, it is necessary to investigate naturally occur-
ring sugars that are rare in the human diet and are not 
synthesized by the human body yet remain biocompat-
ible and effective as inducers.

D-Tagatose, commonly called tagatose, is a rare, 
low-calorie sugar naturally present in small amounts 
in dairy products and fruits [14]. Recognized as safe 
by the U.S. Food and Drug Administration [15], it is 
widely used as a sweetener in food and beverages. As 
most ingested D-tagatose is poorly digested by human 
metabolism, it is predominantly catabolized by a lim-
ited number of enteric microorganisms, primarily lac-
tic acid bacteria such as Lactobacillus, Lactococcus, 
Leuconostoc, Enterococcus, Pediococcus, and Strep-
tococcus [16]. Previously, we identified a gene cluster 
responsible for tagatose utilization in EcN, challeng-
ing the common perception that E. coli strains cannot 
metabolize D-tagatose [17]. In the present study, we 
investigated the regulatory elements within this gene 
cluster and constructed a tagatose-inducible expres-
sion vector to develop a tunable expression system for 
engineering EcN. We evaluated the performance of 
this expression system and successfully used it to over-
produce two recombinant proteins under both aerobic 
and anaerobic culture conditions.

Methods
Bacterial strains and cell culture
The E. coli strains and plasmids used in this study are 
listed in Table S1. E. coli strain Nissle 1917 (Muta-
flor, DSM6601, serotype O6:K5:H1) was provided 
by Ardeypharm GmbH (Herdecke, Germany). For 
aerobic cultures, an overnight culture was prepared 
by inoculating 5 mL of M9 minimal medium supple-
mented with 3 g/L glucose from frozen cell stock. The 
seed culture (5 mL) was then transferred into a 250 
mL baffled flask containing 25 mL M9 medium sup-
plemented with D-tagatose and/or glucose. The M9 
minimal medium (pH 7.0) contained per liter: 6.78  g 
Na2HPO4, 3  g KH2PO4, 1  g NH4Cl, and 0.5  g NaCl, 
0.8 g MgSO4·7H2O, and 0.5 mL of trace metal solution. 
The trace metal solution contains 10 g/L FeSO4·7H2O, 
2.25  g/L ZnSO4·7H2O, 1  g/L CuSO4·5H2O, 0.5  g/L of 
MnSO4· 5H2O, 0.23  g/L of Na2B4O7·10H2O, 2  g/L of 
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CaCl2·2H2O, 0.1  g/L of (NH4)6Mo7O24, and 5  M HCl. 
For anaerobic cultures, an initial seed culture was pre-
pared by inoculating 5 mL of LB medium (containing 
10  g/L tryptone, 5  g/L yeast extract, and 5  g/L NaCl) 
from a frozen stock and incubating aerobically for 5 h. 
Subsequently, 0.25 mL of the culture was transferred 
into 5 mL of fresh LB medium and grown anaerobi-
cally for 48  h. For the main anaerobic culture, 0.25 
mL of the anaerobic seed culture was inoculated into 
5 mL of M9 medium supplemented with 2  g/L yeast 
extract and D-tagatose and/or glucose. The cultures 
were grown anaerobically for 72  h. To maintain strict 
anaerobic culture conditions, the inoculations were 
performed in an anaerobic chamber (Coy Labora-
tory Products, Grass Lake, MI) with an oxygen-free 
atmosphere (85% N2, 10% CO2, and 5% H2). Cells 
were cultivated in screw-cap culture tubes (MTC Bio 
DuoClick™, Sayreville, NJ) placed in an anaerobe con-
tainer (GasPak™ EZ Anaerobe Container System, BD, 
Franklin Lakes, NJ). All cultures were supplemented 
with 100 µg/mL ampicillin and incubated at 37 °C with 
shaking at 200 rpm.

The concentrations of glucose and D-tagatose in the 
culture media were measured using high-performance 
liquid chromatography (HPLC; 1260 Infinity II, Agi-
lent Technologies) equipped with a Shodex SUGAR 
SP0810 column (300 × 8.0  mm; Showa Denko, Tokyo, 
Japan). Culture samples were centrifuged at 2,616 ×g 
for 3 min, and the supernatant was filtered through a 
0.2  μm syringe filter (Nylon syringe filter, HM). The 
mobile phase (100% water) was delivered at a flow rate 
of 1 mL/min, and sugar concentrations were detected 
using a refractive index detector (G7162A; Agilent 
Technologies).

Construction of expression plasmids
The primer sequences are listed in Table S2. E. coli 
DH5α was used for gene manipulation. The pCop-
mCherry plasmid [18] was used as a backbone to con-
struct the expression plasmids, pCop-Rint-mCherry, 
pCop-Rint−tagR-mCherry, and pCop-PJ23105-mCherry, by 
replacing its original PL promoter at the SacI and PacI 
sites with Rint, Rint−tagR, or PJ23105, respectively. The Rint 
and Rint−tagR regions were amplified from EcN genomic 
DNA using the primer pairs Rint_F_SacI/Rint_R_PacI 
and Rint−tagR_F_SacI/Rint_R_PacI, respectively. The 
PJ23105 promoter fragment was obtained by digest-
ing the p15C-PJ23105-Hfq(R16A) plasmid [18] with 
SacI and PacI. Each fragment was then inserted into 
pCop-mCherry at the SacI and PacI sites, generating 
the corresponding expression plasmids. The complete 
sequences and annotations of pCop-Rint-mCherry and 
pCop-Rint−tagR-mCherry, and pCop-PJ23105-mCherry 

are provided in the supplementary material as a Gen-
Bank-formatted file (pCop-X-mCherry.gb).

MBP-hEGF and polyethylene terephthalate hydro-
lase (PETase) expression plasmids were constructed 
using pCop-Rint-mCherry as the backbone. The human 
epidermal growth factor (hEGF) gene was fused to 
the maltose-binding protein (MBP) gene, and a His-
tag was included for western blot analysis [19]. The 
MBP-hEGF-His fusion protein gene was PCR ampli-
fied using the primer pair hEGF_F_PacI/hEGF_R_PstI 
and cloned into the PacI and PstI sites of pCop-Rint-
mCherry, generating pCop-Rint-MBP-hEGF. PETase 
was fused to the N-terminal LamB signal sequence 
(Lambss), and a His-tag was included for western blot 
analysis. The LamBss-PETase-His fusion protein gene 
was amplified using hEGF_F_PacI/PETase_R_SpeI 
primers and cloned into the PacI and SpeI sites of 
pCop-Rint-mCherry to generate pCop-Rint-PETase. 
Plasmid maps of the expression constructs developed 
in this study are shown in Fig. S1.

Protein detection
For mCherry fluorescence measurements, the cells 
were centrifuged at 2,616 ×g for 3  min, and the cell 
pellets were washed and resuspended in PBS buffer 
(pH 8.0). The mCherry fluorescence intensity (excita-
tion at 587 nm and emission at 601 nm) was quantified 
using flow cytometry (easyCyte, Luminex, Austin, TX, 
USA).

Western blotting was performed to measure MBP-
hEGF and PETase protein expression. Whole intra-
cellular proteins were electrophoresed using sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). Cells were harvested by centrifugation 
at 2,616 ×g for 3  min, and the cell pellet was resus-
pended in SDS-PAGE sample buffer [200 mM Tris/
HCl (pH 6.8), 30% (v/v) glycerol, 8% (w/v) SDS, 0.1% 
(w/v) Orange G]. The mixed samples were heated at 
98 °C for 10 min to prepare the whole protein lysates. 
Proteins were separated by electrophoresis on a 12% 
acrylamide gel, followed by staining with Coomassie 
blue. For western blotting, proteins from the SDS-
PAGE gel were transferred onto a nitrocellulose mem-
brane (XOGENE, Englewood, NJ, USA) at 200 mA for 
1.5  h. The membrane was probed with a monoclonal 
mouse 6× His epitope-tag antibody (1:1000; Invit-
rogen, Carlsbad, CA, USA). After three washes with 
Tris-buffered saline–Tween 20 for 10 min each, a goat 
anti-mouse horseradish peroxidase–conjugated sec-
ondary antibody (1:5000; Invitrogen) was applied to 
the membrane and incubated at room temperature 
for 1  h. Bound conjugates were detected by adding 
3,3′,5,5′-tetramethylbenzidine (TMB) blotting solu-
tion (Thermo Scientific, Waltham, MA, USA). Band 
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intensities were quantified using ImageJ software 
(https://imagej.net/ij/) [20] and normalized to the 
highest target protein expression set at 1.

Differential RNA sequencing (dRNA-seq)
Total RNA was extracted using the RNAprotect Bac-
teria Reagent (Qiagen, Düsseldorf, Germany) and mir-
Vana miRNA Isolation Kit (Thermo Fisher Scientific 
Inc., Waltham, MA, USA), as described previously 
[21]. The dRNA-seq library was constructed according 
to a previously published protocol [22] with modifi-
cations. To distinguish primary transcripts from pro-
cessed RNAs, total RNA was treated with terminator 
5’-phosphate-dependent exonuclease (TEX), which 
selectively degrades processed RNAs while preserv-
ing primary RNAs. Two RNA libraries were prepared: 
one from TEX-treated RNA (enriched in primary tran-
scripts) and the other from untreated RNA (containing 
both primary and processed transcripts). A poly(A) tail 
was added to the 3’ end of the RNA molecules using 
poly(A) polymerase, and 5’-triphosphate residues were 
converted to 5’-monophosphate using tobacco acid 
pyrophosphatase. RNA adapters were then ligated 
to the 5’ ends of RNA fragments. First-strand cDNA 
was synthesized using oligo(dT) adapter primers and 
Moloney murine leukemia virus reverse transcriptase, 
followed by PCR amplification. The resulting cDNA 
libraries were sequenced using an Illumina NextSeq 
500 system (Illumina, San Diego, CA, USA) with 75 bp 
single-end reads.

The quality of the raw RNA sequencing data was 
assessed using FastQC (​h​t​t​p​​s​:​/​​/​q​u​b​​e​s​​h​u​b​​.​o​r​​g​/​r​e​​s​o​​u​r​
c​e​s​/​f​a​s​t​q​c). The 5’-adaptor sequences were trimmed 
using Trimmomatic [23], and the reads were aligned 
to the EcN genome (RefSeq accession number of chro-
mosome: NZ_CP058217.1, pMUT1: NZ_CP058218.1, 
and pMUT2: NZ_CP058219.1) using READemption 
[24]. To account for differences in the total number 
of reads across libraries, the number of mapped reads 
per nucleotide was normalized to reads per million 
(RPM). Transcription start sites (TSSs) were identi-
fied using ANNOgesic [25], and the read depth at each 
genome coordinate was visualized using the Integrated 
Genome Browser [26].

Analysis of regulatory elements
The promoter regions within the tagR–tagY inter-
genic region were predicted by analyzing sequences 
ranging from + 21 to − 60  bp relative to each TSS. 
iPromoter-2  L [27] was used to predict the σ factors 
suitable for each promoter. Both Ptag and Preg were 
predicted to be recognized by the σ70 factor, prompt-
ing further analysis of their − 10 and − 35 regions using 
BPROM [28], a tool specifically designed for bacterial 

σ70 promoter prediction. The predicted sequences of 
the − 10 and − 35 regions were revised based on σ70 
consensus sequences. CRPBSFinder [29] and Pred-
CRP [30] were used to predict the binding sites and 
regulatory rules of the cyclic AMP receptor protein 
(CRP). The binding sites of TagR were identified using 
TFbinding [31]. The predicted binding sites were fur-
ther refined through multiple sequence alignments 
using Clustal Omega [32, 33].

Results and discussion
Identification of regulatory elements within the tag locus
Previously, we identified an 8.5  kb genomic region in 
EcN that is absent in E. coli K-12 [17]. This region con-
sists of eight genes organized into two outwardly ori-
ented clusters. The first cluster, hereafter referred to 
as the tag cluster, contains six genes encoding D-tag-
atose bisphosphate aldolase, ATP-binding cassette 
transporter, D-tagatose kinase, and aldose 1-epim-
erase. The second cluster, termed the reg cluster, 
includes two genes encoding a DeoR family transcrip-
tional regulator and a sugar kinase (Fig.  1A). Follow-
ing the bacterial gene nomenclature [34], we named 
these eight genes in the EcN chromosome (RefSeq 
accession NZ_CP058217) as follows: tagK (locus tag: 
HW372_RS02435), tagR (HW372_RS02440), tagY 
(HW372_RS02445), tagA (HW372_RS02450), tagB 
(HW372_RS02455), tagC (HW372_RS02460), tagD 
(HW372_RS02465), and tagE (HW372_RS02470). 
Experimental validation has demonstrated that tag 
cluster genes are essential for D-tagatose utilization, 
whereas the functions of reg cluster genes remain 
unexplored [17]. When EcN was grown on D-tagatose 
instead of glucose, the expression of the first three 
genes (tagYAB) in the tag cluster increased by over 
1000-fold, whereas the expression of tagRK in the reg 
cluster increased by approximately two-fold [17]. This 
dramatic difference suggests the presence of a highly 
specialized and efficient regulatory mechanism that 
tightly controls the expression of the tag cluster in 
response to D-tagatose availability.

To investigate the regulatory mechanism of the tag 
cluster, we identified key regulatory elements within 
the 341  bp intergenic region between the tag and reg 
clusters, including promoters, TSSs, and other poten-
tial regulatory sequences. dRNA-seq was performed 
to map the TSSs of EcN grown on D-tagatose as the 
sole carbon source (Fig.  1A). Two TSSs were identi-
fied: one located 64 nucleotides upstream of the start 
codon of tagY (the first gene in the tag cluster), and 
the other 11 nucleotides upstream of the start codon 
of tagR (the first gene in the reg cluster). No additional 
TSSs were detected within the 8.5 kb genomic region, 

https://imagej.net/ij/
https://qubeshub.org/resources/fastqc
https://qubeshub.org/resources/fastqc
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indicating that the two clusters were expressed as sep-
arate operons.

Sequence analysis of the tagR–tagY intergenic region 
revealed two promoters, designated Ptag and Preg, 

which divergently direct the transcription of the tag 
cluster and reg cluster, respectively (Fig. 1B). The pro-
moter regions were predicted to be located 7–33  bp 
upstream of the TSS for Ptag and 8–35 bp upstream of 

Fig. 1  Identification of regulatory elements in the tag locus in E. coli Nissle 1917 (EcN). (A) Organization of the tag and reg clusters with their respective 
transcription start sites (TSSs). The upper panel displays the genomic arrangement on the EcN chromosome (RefSeq accession number: NZ_CP058217). 
TSSs were identified via dRNA-seq using RNA samples treated with terminator 5’-phosphate-dependent exonuclease (TEX (+), red) and untreated RNA 
(TEX (−), black). The lower panel presents normalized coverage (reads per million, RPM) mapped to strand-specific genome coordinates, with TSSs marked 
by red dashed lines and bent arrows indicate transcription direction. (B) Analysis of regulatory elements in the tagR–tagY intergenic region. The promot-
ers (Ptag and Preg), CRP binding site, and operator sites for TagR are indicated. The initiation codons for tagR and tagY are located at the beginning and 
end of the sequence, respectively. Their TSSs are positioned as + 1 and marked with arrows indicating transcription direction. The predicted −10 and 
−35 regions of the promoters are boxed. The predicted CRP binding site is underlined, whereas the operator sites (tagO1 and tagO2) recognized by TagR 
are indicated by horizontal arrows indicating their orientation. Conserved sequences from the multiple alignment at promoters and transcription factor 
binding sites are highlighted in red
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the TSS for Preg. These predictions were further refined 
through multiple sequence alignments of homologous 
loci resembling the 8.5 kb EcN genomic region found 
in Citrobacter farmeri, Enterobacter hormaechei, and 
Escherichia sp. E4742 (Fig. 2). The Ptag promoter con-
tains recognizable −10 (TAGTTT) and −35 (TTTTTG) 
regions with 15  bp spacing, showing similarity to the 
consensus sequence of rpoD sigma factor (σ70). Simi-
larly, Preg includes −10 (TATAGT) and −35 (TTCAAA) 
regions with 16  bp spacing, also resembling the σ70 
consensus sequences. These observations suggest that 
both the Ptag and Preg promoters are likely to be recog-
nized and activated by the σ70 factors.

DeoR family regulators typically act as transcrip-
tional repressors or activators of carbon source metab-
olism, often contributing to catabolite repression by 
promoting the preferential utilization of glucose over 
other carbon sources [35, 36]. Therefore, it can be 
inferred that the DeoR family regulator gene (tagR) 
within the reg cluster modulates the expression of 
genes in the tag cluster. In support of this, consensus-
binding sequences for both the CRP and TagR were 
identified near the Ptag promoter (Figs. 1B and 2). The 
predicted CRP binding site (TTCGA-N6-TCACG) 
shares 7 out of 10  bp with the E. coli consensus 
sequence (TGTGA-N6-TCACA), and is located just 
upstream of the − 35 region in the Ptag promoter. Two 
operator sequences, tagO1 (​C​T​T​T​C​A​A​A​A​T​G​A​A​A​G​
T​A​A​A) and tagO2 (​C​T​T​A​C​A​A​A​A​T​G​A​A​G​A​A​A​G​A), 
were predicted to be recognized by TagR. The tagO1 
overlaps with the TSS of the tag cluster, whereas tagO2 
is located on the opposite strand adjacent to tagO1. 
These putative operators share 14 of 19  bp, which is 
consistent with the oligomeric nature of DeoR family 
proteins [36]. TagR is likely to undergo conformational 
changes upon binding to D-tagatose, thereby allevi-
ating repression of the tag cluster. Interestingly, the 
arrangement of the predicted CRP and TagR binding 
sites within the tagR–tagY intergenic region resembled 
that of the aga gene cluster, which is responsible for 
the transport and catabolism of N-acetylgalactosamine 
and galactosamine in E. coli K-12 [36]. The aga gene 
cluster is negatively regulated by AgaR, a DeoR fam-
ily transcriptional repressor, suggesting that a similar 
regulatory mechanism may operate for TagR.

Combined with the experimental findings on TagR 
function and catabolite repression of the tag cluster 
(as described below), the presence of these regulatory 
elements supports the proposed model for the regula-
tion of the tag cluster (Fig. 3A). The tag cluster is sub-
ject to catabolite repression and is transcriptionally 
regulated by the tagatose-responsive repressor TagR, 
which is produced at a relatively constant level. In the 
absence of D-tagatose in the culture media, TagR binds 

to the operator (tagO), preventing the transcription of 
the tag cluster. However, when D-tagatose is present 
and glucose is absent, D-tagatose acts as an inducer by 
binding to TagR, inducing a conformational change in 
TagR, which prevents it from attaching to tagO, thus 
allowing the transcription of the tag cluster. Although 
further experimental validation, such as direct bio-
chemical confirmation of TagR binding to its operator 
site, is needed, the proposed regulatory mechanism 
should be regarded as a working hypothesis based on 
the available evidence, providing a basis for under-
standing how the tag genes are regulated in response 
to environmental D-tagatose.

Validation of TagR as a tagatose-responsive repressor of 
the tag cluster
To validate TagR as a tagatose-responsive repressor of 
the tag cluster, we constructed two pCop-based plas-
mids in which the mCherry fluorescent protein gene 
was inserted downstream of two different DNA seg-
ments: the first plasmid (pCop-Rint-mCherry) con-
taining the tagR–tagY intergenic region (designated as 
Rint) and the second plasmid (pCop-Rint−tagR-mCherry), 
including both the intergenic region and tagR gene 
(Rint−tagR) (Fig. 3B). The pCop backbone is a medium-
copy plasmid carrying the colE1 replicon [18]. As a 
reference, we used a plasmid containing the constitu-
tive PJ23105 promoter (pCop-PJ23105-mCherry) lacking 
the CRP-binding site.

Each construct was introduced into EcN cells 
and cultured in minimal medium containing either 
glucose or D-tagatose as the sole carbon source 
(Fig.  4A). In cells carrying pCop-PJ23105-mCherry, 
mCherry expression remained low, and no growth 
repression was observed under either glucose or 
D-tagatose conditions. By contrast, cells harboring 
pCop-Rint−tagR-mCherry exhibited nearly complete 
repression of mCherry expression under both carbon 
sources, but exhibited severe growth repression only 
under D-tagatose conditions. Overexpression of TagR 
from the plasmid likely exceeded the available D-tag-
atose, preventing the effective induction of mCherry 
expression. Additionally, excess TagR appears to 
repress the chromosomal tag cluster, which is essen-
tial for D-tagatose utilization, thereby impairing cell 
growth on D-tagatose.

Supporting this, the pCop-Rint-mCherry construct, 
which included Rint but lacked the tagR gene, showed 
substantial mCherry fluorescence in the presence of 
D-tagatose while maintaining robust growth. Fluo-
rescence increased more than 10-fold after 48  h of 
cultivation in D-tagatose compared with that in glu-
cose. This result demonstrated that TagR functions 
as a tagatose-responsive repressor of the tag cluster. 



Page 7 of 14Park et al. Microbial Cell Factories          (2025) 24:158 

Fig. 2  Multiple sequence alignment of the tagR–tagY intergenic region. The initiation codons for tagR and tagY are located at the beginning and end of 
the sequence, respectively. Their TSSs are positioned as + 1 and marked with arrows indicating transcription direction. The predicted −10 and −35 regions 
of the promoters (Ptag and Preg) are boxed. The predicted CRP binding site is underlined, whereas the operator sites (tagO1 and tagO2) recognized by 
TagR are indicated by horizontal arrows indicating their directionality. Asterisks denote conserved nucleotides among the aligned sequences. Conserved 
sequences from the multiple alignment at promoters and transcription factor binding sites are highlighted in red. Nucleotide sequences were obtained 
from the genome sequences of E. coli Nissle 1917 (EcN) (RefSeq accession NZ_CP058217), Escherichia sp. E4742 (GenBank accession CP040443), Citrobac-
ter farmeri (CP022695), and Enterobacter hormaechei (CP056649)
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Fig. 3  Construction of a tagatose-inducible gene expression system in E. coli Nissle 1917 (EcN). (A) Proposed regulatory model of the tagatose-responsive 
tag gene cluster in the EcN chromosome. In the absence of D-tagatose, TagR binds to the operator site (tagO) at the Ptag promoter, repressing the tran-
scription of tagYABCDE. When D-tagatose is present, TagR interacts with D-tagatose, preventing its binding to the operator site and thereby allowing 
the transcription of the tag cluster genes. (B) Plasmid-based expression system designed for D-tagatose-dependent expression of the target protein 
(mCherry). The pCop-Rint-mCherry plasmid (left) contains the tagR–tagY intergenic region (Rint), including the Preg, Ptag, promoters and tagO operator, al-
lowing mCherry expression to be induced by the addition of D-tagatose. The pCop-Rint−tagR-mCherry plasmid (right) includes both the Rint region and the 
tagR gene, leading to TagR overexpression from the plasmid. This excess of TagR prevents effective induction by D-tagatose, making mCherry expression 
unresponsive to D-tagatose
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Moreover, cells expressing pCop-Rint-mCherry showed 
a distinct and homogeneous increase in fluorescence 
intensity in the presence of D-tagatose (Fig. 4B), indi-
cating that D-tagatose effectively acted as a uniform 
inducer, leading to consistent activation of mCherry 
expression across the cell population.

Performance of the tagatose-inducible expression system
Kinetic analysis of mCherry expression in EcN cells 
expressing the pCop-Rint-mCherry construct was per-
formed to investigate the dose-dependent relationship 
between D-tagatose availability and gene expression. 
Transformed EcN cells were grown in minimal 
medium with varying concentrations of D-tagatose 
(4–20 mM) as the sole carbon source. This range was 
chosen based on our previous growth assay [17], which 
demonstrated that wild-type EcN showed reduced 
growth and incomplete D-tagatose utilization when 
cultured in minimal medium containing D-tagatose 
at concentrations above 40 mM, possibly due to met-
abolic saturation or inhibitory effects. To avoid these 
issues and ensure a dynamic, dose-responsive induc-
tion range, we limited the D-tagatose concentration 
to 0–20 mM. Increasing D-tagatose concentrations 
resulted in both higher fluorescence levels and cell 
growth (Fig. 5A), indicating that the expression system 
was robust and did not impose a considerable meta-
bolic burden on the cells. After 48  h of cultivation, 
mCherry expression levels exhibited a strong positive 
correlation with D-tagatose concentration, with a cor-
relation coefficient (r) of 0.95 (Fig. 5B).

Flow cytometry analysis (Fig.  5B) provided further 
insights into the homogeneity of gene expression. As 
D-tagatose concentrations increased, the fluorescence 
intensity distribution curves became narrow and tall, 

indicating that high inducer levels not only enhanced 
the mean expression levels but also improved the syn-
chrony of gene expression across the cell population. 
These results demonstrate that the developed taga-
tose‑inducible expression system enables dose‑depen-
dent control of gene expression in EcN under the 
conditions tested.

Catabolite repression-enabled auto-induction for protein 
expression
To enhance cell growth while achieving target protein 
expression, we adapted the tagatose-inducible system 
to auto-induction media containing both glucose and 
D-tagatose. The location of the CRP-binding site near 
the Ptag promoter (Fig.  1B) suggests that the tag clus-
ter would be subject to catabolite repression. Based on 
this, we hypothesized that, in the presence of glucose, 
EcN would grow rapidly with minimal target produc-
tion. Upon glucose depletion, D-tagatose would be uti-
lized by cells to trigger target protein production.

To test this hypothesis, we performed a kinetic anal-
ysis of mCherry expression and growth in EcN cells 
harboring the pCop-Rint-mCherry construct. Cells 
were cultured in minimal medium supplemented with 
20 mM glucose and varying concentrations of D-tag-
atose (0–20 mM). In media containing only glucose, 
mCherry expression increased after glucose was nearly 
depleted (Fig.  6A). In mixed glucose and D-tagatose 
media, glucose was rapidly consumed within approxi-
mately 8 h, followed by gradual consumption of D-tag-
atose. During the glucose consumption phase, cell 
density increased rapidly, whereas mCherry expression 
remained low. Once glucose was depleted and D-taga-
tose consumption started, mCherry expression began 
to increase, although cell density showed little further 

Fig. 4  Effects of tagR overexpression on mCherry expression. (A) Quantification of mCherry fluorescence and cell density in EcN cells harboring pCop-
PJ23105-mCherry, pCop-Rint-mCherry, or pCop-Rint−tagR-mCherry. Individual data points are shown as open circles. Pairwise comparisons were performed 
between the PJ23105 construct and each of the other constructs under the same carbon source. The p-values were adjusted for multiple comparisons 
using Dunnett’s test (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Single-cell analysis of mCherry expression by flow cytometry. Cells were grown in M9 minimal 
medium supplemented with either 20 mM glucose (Glc) or 20 mM D-tagatose (Tag) as the sole carbon source for 48 h. Error bars denote the standard 
deviation of the mean from three independent cultivations
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increase. This suggests that catabolite repression 
is reversible and the tag cluster can be derepressed 
when glucose is exhausted from the medium. At the 
end of the cultivation period, mCherry expression 
was strongly correlated with D-tagatose concentra-
tion (r = 0.92) (Fig.  6B), demonstrating that mCherry 
expression is highly dependent on D-tagatose levels 
after glucose depletion. These results demonstrated 
that the tag cluster was subject to catabolite repression 
and validated the suitability of the tagatose-inducible 
system for the auto-induction strategy. This method 
effectively separated the growth and expression 
phases, allowing rapid cell growth during glucose con-
sumption and robust target protein expression during 
D-tagatose utilization.

Overexpression of Recombinant proteins
The tagatose-inducible expression system was used 
to overexpress two recombinant proteins, MBP-hEGF 
and PETase, in auto-induction media. hEGF is a phar-
maceutical protein that promotes the proliferation of 
epidermal cells [37] and is widely used in medicine and 
cosmetics. Previously, EcN was engineered to secrete 
hEGF using an IPTG-inducible promoter [38, 39]. 
PETase, an industrial enzyme derived from Ideonella 
sakaiensis, degrades PET plastics [40] and has poten-
tial applications in PET recycling and bioremediation.

For MBP-hEGF expression, the pCop-Rint-MBP-
hEGF plasmid was constructed containing the MBP 
and hEGF sequences downstream of the Rint promoter. 
Similarly, the pCop-Rint-PETase plasmid was con-
structed to express PETase. Each plasmid was intro-
duced into EcN cells, which were aerobically grown 

Fig. 5  Tagatose dose-dependent mCherry expression from the tagatose-inducible expression plasmid in media containing D-tagatose. (A) Time-course 
analysis of mCherry fluorescence intensity (left) and cell density (right) in EcN cells harboring the pCop-Rint-mCherry plasmid. Cells were cultured in M9 
minimal media containing varying concentrations of D-tagatose (Tag). Error bars denote the standard deviation of the mean from three independent 
cultivations. (B) Single-cell analysis of mCherry expression by flow cytometry. The fluorescence intensity distribution shows the population of EcN cells 
harboring pCop-Rint-mCherry at the end of cultivation (48 h). The transformed cells grown with 20 mM glucose (shown in gray) serve as the 0 mM D-
tagatose condition. The inset bar chart shows the mean fluorescence intensity values ± SD for each condition. Wild-type EcN cells grown with 20 mM 
glucose (dotted line) were used as a negative control

 



Page 11 of 14Park et al. Microbial Cell Factories          (2025) 24:158 

in minimal media containing a combination of glu-
cose and varying concentrations of D-tagatose for 
48  h. Western blot analysis revealed a strong correla-
tion between MBP-hEGF expression levels and the 
D-tagatose concentrations tested (0–20 mM) (r = 0.93) 
(Fig.  7A). PETase production also showed a strong 
correlation with D-tagatose concentration (0–4 mM) 
(r = 0.93) (Fig. 7B), although it saturated beyond 4 mM.

To evaluate the performance of the tagatose-induc-
ible expression system under anaerobic conditions, 
EcN cells harboring the pCop-Rint-MBP-hEGF plas-
mid were cultivated anaerobically in minimal medium 
containing a combination of glucose and varying con-
centrations of D-tagatose. As expected, cell growth 
was the highest when 20 mM glucose was used as the 
sole carbon source, followed by the combination of 
4 mM glucose and 20 mM D-tagatose, and was the 
lowest when 20 mM D-tagatose was used alone (Fig. 
S2A). Notably, MBP-hEGF expression was undetect-
able in glucose-only cultures but was considerably 
induced in cultures containing either D-tagatose alone 
or a combination of glucose and D-tagatose (Fig. S2B). 
Under anaerobic conditions, MBP-hEGF expression 
showed a strong positive correlation with D-tagatose 
concentration (0–20 mM) in the presence of 20 mM 

glucose (r = 0.91) (Fig.  7C). These examples illustrate 
that the tagatoseinducible system supports recom-
binant protein production under both aerobic and 
anaerobic conditions, suggesting its utility for appli-
cations that require controlled expression in different 
environments.

Conclusion
EcN, a well-established probiotic, has emerged as a 
versatile microbial chassis for use in living therapeu-
tics, drug delivery, and industrial bioproduction. How-
ever, its clinical and industrial applications are limited 
by the lack of reliable inducible expression systems. 
In this study, we developed a novel tagatose-inducible 
expression system for EcN, enabling dose-dependent 
control with uniform gene expression across the cell 
population. Given that D-tagatose is a metabolizable 
sugar with established safety in humans, this system 
holds potential for in vivo applications such as thera-
peutic protein delivery and biosensing within the 
human gut microbiome, although further in vivo vali-
dation will be necessary to confirm its clinical utility. 
The tagatoseinducible system provides an additional 
tool to support synthetic biology and metabolic engi-
neering efforts in EcN. Furthermore, the identification 

Fig. 6  Tagatose dose-dependent mCherry expression from the tagatose-inducible expression plasmid in media containing both D-tagatose and glu-
cose. (A) Time-course analysis of mCherry fluorescence, cell density, and residual concentrations of glucose and D-tagatose in EcN cells harboring the 
pCop-Rint-mCherry plasmid. Cells were cultured in M9 minimal media containing 20 mM glucose (Glc) and varying concentrations of D-tagatose (Tag). 
(B) Correlation between D-tagatose concentration and mCherry fluorescence at the end of the cultivation (24 h). Error bars denote the standard deviation 
of the mean from two independent cultivations
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of key regulatory elements within the tagatose cata-
bolic gene cluster provides a foundation for optimiz-
ing gene expression and broadening its applicability in 
precision medicine and industrial bioproduction.

It should be noted that the functionality of the 
D-tagatose-inducible system is inherently dependent 
on the presence of the native tagatose catabolic gene 

cluster, which enables both the uptake and degrada-
tion of D-tagatose. As previously reported [17], the tag 
cluster is prevalent in E. coli B2 phylogroup strains, 
including EcN, but is absent in non-B2 strains such 
as E. coli K-12. Therefore, introducing the developed 
plasmid alone into K-12 strains is insufficient to acti-
vate the Ptag promoter. To extend the applicability of 

Fig. 7  Tagatose dose-dependent expression of recombinant proteins from the tagatose-inducible expression plasmid. (A) Expression of MBP-hEGF fu-
sion protein in EcN harboring pCop-Rint-MBP-hEGF under aerobic conditions. (B) Expression of PETase in EcN harboring pCop-Rint-PETase under aerobic 
conditions. (C) Expression of MBP-hEGF fusion protein in EcN harboring pCop-Rint-MBP-hEGF under anaerobic conditions. The transformed EcN cells were 
cultured in media containing glucose (Glc) and varying concentrations of D-tagatose (Tag) for 48 h. The gel images (left) show the western blot analysis 
of the target protein (upper section) and SDS-PAGE analysis of total protein extracts (lower section), with the red arrowhead indicating the target protein. 
The graphs (right) display the relative expression of the target protein quantified from western blot analysis. Error bars denote the standard deviation of 
the mean from independent cultivations
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this system to other E. coli backgrounds, the relevant 
tagatose metabolism genes need to be co-introduced. 
Follow-up studies are required to develop a version of 
the system that operate across diverse E. coli strains.
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