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Improved adhesion and function of
Pediococcus pentosaceus Li05 for acute
colitis through surface modification
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Probiotics have been widely used as an adjuvant therapy to treat or prevent various diseases.
However, therapeutic effect is usually contingent on the ability of the probiotic cells to adhere to and
colonize the gastrointestinal tract. Pediococcus pentosaceus Li05 has previously been shown anti-
inflammatory effect, however, its mucoadhesive ability limited further application. In this study, MUC2
antibody was used as an adhesin and conjugated to the surface of Li05 (M-Li05) and our results
demonstrated that the adhesion and colonization resistance were significantly improved in vitro.
Moreover, competitive adhesion experiments in mice demonstrated that Li05 outcompeted
Citrobacter rodentium; an effect even more pronounced with M-Li05. The study also showed that
M-Li05 significantly reduced colonic histological injury, alleviated inflammation and decreased
pathogens colonization in the C. rodentium-infected and DSS-induced colitis mouse model. In
summary, the results demonstrated that M-Li05 showed promise for future application as a
therapeutic strategy for colitis.

Inflammatory bowel disease (IBD) is a groupof diseases includingulcerative
colitis (UC) and Crohn’s disease (CD), characterized by chronic inflam-
mation of the gastrointestinal (GI) tract1. Many factors including diet,
genetics, host immunity, and intestinal microbiome, are involved in the
development of IBD2–5. The composition of the gut microbiota of patients
with IBD differs markedly from that of healthy individuals6,7. Many studies
have shown that IBD patients demonstrated a reduced diversity of their gut
microbiota, with the lack of diversity among Firmicutes being especially
notable1.

Probiotics are defined as “live microorganisms that, when given in
sufficient amounts, provide health benefits to the host”8. Many reports
have demonstrated the anti-inflammation efficacy of various probiotic
bacteria for IBD in clinical trials and animal experiments9–12. The pro-
biotic strain Pediococcus pentosaceus Li05 can strengthen the intestinal
epithelial barrier function, modulate host immunity and gut microbiota
in Clostridiodies difficile infected colitis, dextrate sulfate sodium (DSS)-
induced colitis and CCl4-induced cirrhosis13–15. However, the

application of Li05 is limited due to the strain’s susceptibility to harsh
conditions exacerbated by chemical, physical, and biological factors
during its transmission through the gastrointestinal tract, and poor
adhesion to the intestinal mucosa15,16.

We have previously successfully enhanced the viability of Li05 in
harsh conditions through encapsulating Li05 in microcapsules15, but
its adhesion in the colon remains to be improved. Successful coloni-
zation in the intestine is a necessary criterion for evaluating whether
probiotics can have a long-term effect17. Mucosal adhesion is con-
sidered a critical step in probiotic colonization which is achieved by
stable binding of the probiotic cells to the mucus through specific
interactions between adhesins and complementary receptors18, like
mucin 2 (MUC2), a predominant component of the intestinal
mucosa19. One way to enhance the adhesive ability of the probiotic to
the mucosa is by directly increasing the amount of adhesins on the
bacterial surface. Synthetic adhesins in the form of antibodies (anti-
MUC2) (aMUC2) can be conjugated to the probiotic cell surface to
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promote the binding to MUC2 and facilitate adhesion17. Besides, this
surface modification process is rapid and mild to probiotics, avoiding
long-term exposure in aerobic environment.

Our work intended to elucidate the effect of aMUC2 surface mod-
ification on the mucoadhesive properties. We also used Citrobacter roden-
tium infected and DSS-induced acute colitis mouse models to evaluate the
enhanced function of Li05 after aMUC2modification in treating IBD. As a
mouse-specific pathogen,C. rodentium shares 67% genes with both human
pathogenic enteropathogenic Escherichia coli (EPEC) and enterohaemor-
rhagic E. coli (EHEC)20, and can simulate infectious diarrhoea and IBD21.C.
rodentium infection in mice is accompanied with transmissible colonic
crypt hyperplasia (CCH), intestinal barrier destruction, intestinal inflam-
mation and gut dysbiosis22. The gut microbiota has a major part in host
interactions with C. rodentium infection23,24. The administration of pro-
biotics can facilitate removal of C. rodentium and relief of inflammation by
modulating the composition of the gut microbiota25,26. DSS is wildly used to
induce acute colitis inmice by causing damage to the intestinal mucosa and
activating the inflammatory response. Many researches have demonstrated
that the gut microbiota in DSS-induced colitis mice is severely imbalanced,
accompanied by the proliferation of pathogens, including Escherichia coli13.
We hypothesized that treatment with M-Li05 would enhance the ability of
the probiotic to adhere in the gut and outcompete pathogens, thereby
ameliorate colitis.

Results
Surface modification of Li05
Biotin is a vitamin that canbindwithhigh affinity to avidin and streptavidin.
Because of its light molecular weight (244Da) and stable chemical prop-
erties, biotin can be conjugated to many proteins without changing their
biological activities27. In this study, biotin was conjugated to the primary
amines on the surface of Li05 by N-hydroxysuccinimide ester (NHS). The
biotinylation of Li05 was then evaluated through binding with fluorescent
streptavidin. Confocal fluorescence images (Fig. 1A) showed that modified
Li05 cells were surrounded by a ring of red fluorescence. In contrast, non-
biotinylated bacteria showed little signal under red fluorescence. To test the
stability of the modification in GI tract, the modified Li05 was incubated
with simulated gastric fluids and simulated intestinal fluids, and fluores-
cence showed that there was no obvious shedding of the fluorescent
streptavidin from the bacterial surface when compared to untreated Li05
(Fig. 1B).

Streptavidin can be conjugated with aMUC2 by targeting primary
amine groups on the IgG antibodies. By the strong affinity of streptavidin
and biotin, aMUC2 can be successfully conjugated on the bacterial surface
and M-Li05 was prepared. The morphology of modified bacteria was
characterizedbyScanning electronicmicroscopy (SEM).The sizeof bacteria
did not change after modification and no obvious morphological difference
between unmodified Li05 and M-Li05 was observed (Fig. 1C). Results also
showed that modification did not have any impact on the growth rate and
viability of bacteria (Fig. S2D, E).

Bacterial attachment and colonization resistance assay
To determine the mucoadhesion effect of Li05 before and after surface
modification, an in vitro Caco-2/HT29-MTX cells monolayer model was
used. Surface modification of aMUC2 significantly increased the adhesion
rate of Li05 (Fig. 1D) and the adhesion ratio ofM-Li05 wasmore than twice
the ratio of the unmodified Li05. Probioticsmay resist the external invading
pathogenic by preventing their colonization in GI tract. To assess the
colonization resistance of Li05 and M-Li05 toward pathogens, we chose C.
rodentium as a model pathogen and conducted competitive adhesion
experiment in vitro. The results showed that colonization resistance of Li05
after aMUC2modification againstC. rodentiumwas significantly enhanced,
as treatment with M-Li05 remarkably decreased the adhesion rate and
bioluminescence radiance (Fig. 1E-G) of C. rodentium compared to the CR
and Li05 groups.

Colonization of M-Li05 in GF rats
After a single gavage of Li05 and M-Li05 separately, the feces of the rats in
different groups were collected at different time points to evaluate dynamics
of Li05 inGIT (Fig. 1H).NoP. pentosaceusor other bacteriaweredetected in
the feces of rats in either group prior to gavage. Subsequently, around 1*103

CFUs / g P. pentosaceuswere detected at 1 h and 4 h after oral gavage in the
Li05 andM-Li05 groups. After 8 h, the fecal bacterial counts in the M-Li05
group greatly increased and reached the plateau stage (8*108 CFUs / g).
While in the Li05 group, the fecal concentration of Li05 is only around 106

CFUs / g. Besides, rats treated with M-Li05 had significantly higher con-
centrationsofP. pentosaceus in their feces at 24 h and48 haftergavagewhen
compared with the Li05 group. However, there was no difference in the
concentration of P. pentosaceus in feces on the 3rd, 4th, 5th, 6th day after
gavage (Fig. 1H).

Effect of M-Li05 on attenuating C. rodentium-induced colitis
Figure 2A showed the schematic diagram of evaluating the effect of
M-Li05 treatment on C. rodentium-induced colitis. The weight of mice in
C. rodentium infected groups had reduced significantly compared to the
NC group on day 12 (Fig. 2B). Through macroscopic examination, C.
rodentium-infected mice in the CR group had obviously shorter colon
length than the NC and ML groups (Fig. 2C). Histologic examination of
colon sections revealed the development of colonic inflammation and
crypt hyperplasia in C. rodentium infected mice (Fig. 2D). ML group
showed a significantly lower colonic damage score. Immunohistochem-
ical results revealed the intensities of Ki67 in the ML group decreased
obviously (Fig. 2E). Meanwhile, shorter crypt length was found in the L
and ML groups when compared to the CR group (Fig. 2G). However,
treatment of unmodified Li05 or biotin-streptavidin-aMUC2 did not
prevent effectively colon shortening or reduce the pathological score
compared to the CR group. In addition, we detected the expression of
inflammatory cytokines and significantly lower levels of TNF-α, IFN-γ
transcripts were found in the ML group compared to the CR and BM
groups (Fig. 2H).

The transmission electron microscopy (TEM) images showed fewer
number of C. rodentium adhesion on the intestinal microvilli in the ML
group compared to theCRandBMgroups so that themicrovilliwere denser
andmore intact (Fig. 2F), while there were still lesions of colon tissues in the
L group. The relative expression of tight junction protein 1 (ZO1) was
decreased in the CR and BM groups compared to theNC group. Treatment
with M-Li05 dramatically restored the mRNA levels of ZO1, occludin and
MUC2 when compared to the CR group (Fig. 2I).

Colonization competition between Li05 and C. rodentium in gut
To evaluate whether M-Li05 had an advantage compared to unmodified
Li05 on colonization resistance to C. rodentium in the murine gut, levels of
C. rodentium in the colon and feces weremonitored and quantified (Fig. 3).
It was found that the quantities of C. rodentiumwere similar amongst mice
in theCR, BM, L andMLgroups during thefirst 10 days post infection (p.i.).
However, at day 12 and14, fecalC. rodentium levelwas obviously reduced in
the ML group compared to the CR and BM groups. Furthermore, the
colonic number ofC. rodentiumwas lower in theMLgroup compared to the
CR and BMgroups (Fig. 3C). Although lower level ofC. rodentiumwas also
observed in mice treated with unmodified Li05 compared to the CR group,
no significant difference was found. 2D bioluminescent imaging result was
consistent with those shown in Fig. 3B, showing that decreased level of C.
rodentium bioluminescence was observed in the ML group in comparison
with the CR, BM and L groups at day 12 p.i.

Effects ofM-Li05ongutmicrobiota compositionandmetabolism
in C. rodentium-induced colitis
The number of P. pentosaceus excretion in the feces was quantified, and the
result showed that the abundance of P. pentosaceus in the ML group was
remarkably higher than the L group at day 7, 14 and 21 (Fig. 4A).
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Fig. 1 | Li05 surface modification with aMUC2, and evaluation of adhesion and
colonization resistance of M-Li05. A Confocal fluorescence images of unmodified
and biotinylated Li05 after incubation with Alexa Fluor Streptavidin Conjugate.
B Scanning electron microscopy images of Li05 and M-Li05. C Confocal fluores-
cence images of streptavidin-conjugated Li05 after 30 or 60 min of exposure to
stimulated gastric fluid or stimulated intestinal fluid.DColonies of Li05 andM-Li05
after adhesion on Caco-2/HT29-MTX cells, and each adhesion rate. E Imaging of

bioluminescent C. rodentium in 12- well plate. F Imaging of bioluminescent C.
rodentium in MAC agar medium. G C. rodentium adhesion rate and biolumines-
cence (p/s/cm2/sr) in each group.H Schematic diagram of the colonization study in
germ-free rats, and CFUs of P. pentosaceus in feces at indicated timepoints for
unmodified Li05 and M-Li05 groups. Data are presented as mean ± SEM, n = 3,
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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16S rRNA gene sequencing was used to explore the changes of the gut
microbiota composition among these five groups. Although Chao1 and
Shannon indices of the ML group had a downward trend, both indices
showedno significant difference inmice among thesefive groups (Fig. S3A).
The β-diversity was assessed by analysis of similarities (Adonis) and PCoA.
PC1 and PC2 axes of PCoA plot exhibited 39.17% and 29.16% of the var-
iance respectively. (Fig. 4B). Adonis result demonstrated significant differ-
ences betweenmice in the NC andCR,ML andCR,ML and L, andML and
NC groups. At the phylum level, the relative abundance of Firmicutes was

elevated whereas Bacteroidota was depressed in theML group compared to
the NC group (Fig. 4C, D). At the family level, the relative abundance of
Bacteroidaceae was elevated in the L group compared to the CR, L andML
groups. The relative abundanceofPrevotellaceaewasdecreased amongmice
in theML group compared to the NC and L groups (Fig. S3B). At the genus
level (Fig. 4E, F), the relative abundance of Lactobacillus was dramatically
higher in theML group compared to the NC, CR and L groups. The relative
abundance of Turicibacter and Citrobacter (P = 0.053) was, however, lower
among mice in the ML group compared to mice in the CR group.

Fig. 2 | Enhanced function of M-Li05 on treating C. rodentium-induced colitis
in mice. A Schematic diagram of the mouse experiment with a C. rodentium-
induced colonic inflammation model system. B Body weight of mice recorded
during experimental period. C Representative images of the colon tissues frommice
and colon length from the five groups. D Representative images of H&E staining of
the colon tissue. E Representative images of Ki67 immunohistochemistry-stained

preparations of the colon tissue. F Representative transmission electron microscopy
images of colon tissues. G Histopathology scores and quantification of crypt
hyperplasia bymeasuring crypt length (μm) ofmice.H, IColonic TNF-α, IFN-γ, IL-
17, ZO1, occludin and MUC2 expression were determined by qRT-PCR. Data are
presented as mean ± SEM, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.
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The concentrations of SCFAs in the feces, including acetic acid, pro-
pionic acid, butyric acid, isobutyric acid andvaleric acidweremeasured (Fig.
4G).Mice treatedwith unmodifiedLi05orM-Li05 showed elevated levels of
all these SCFAs compared to the mice in the NC group. Amongst five
groups, the ML group exhibited highest levels of SCFAs with doubled
concentrations of acetic acid, propionic acid and butyric acid and tripled
concentrations of isobutyric acid and valeric acid compared to the NC and
CR groups.

Effect of M-Li05 on attenuating DSS-induced acute colitis
The schematic diagram illustrating the treatment of M-Li05 on DSS-
induced colitis is shown in Fig. 5A. To assess the therapeutic potential ofM-
Li05, we established a DSS-induced acute colitis model. Treatment with
M-Li05 significantly alleviated DSS-induced weight loss, DAI score, and
colon length shortening (Fig. 5B, C, D).

Colonic immunofluorescence staining revealed enhanced distribution
of tight junction proteins ZO-1, occludin, and claudin1 in the ML group
compared to controls (Fig. 5E). Additionally, analysis of tight junction

protein expression showed that M-Li05 treatment significantly restored the
transcription levels of ZO-1, occludin, claudin1, and MUC2, while Li05
treatment alone only elevated ZO-1 and occludin expression (Fig. 5F).
Inflammation-induced intestinal barrier disruption leads to bacterial
translocation and elevates serum lipopolysaccharide-binding protein (LBP)
level. Notably, M-Li05 administration significantly reduced serum LBP
level, while neither Li05 nor biotin-streptavidin-aMUC2 treatment did not
inhibit LBP elevation (Fig. 5G). These findings suggested that M-Li05
effectively ameliorated DSS-induced acute colitis.

Mucosal injury is a hallmark of acute colitis, characterized by crypt
destruction, goblet cell loss, and inflammatory cell infiltration. In the P
and BM groups, extensive mucosal damage was observed, while the ML
group exhibited less severe histopathological changes and lower histo-
pathology score (Fig. 6A). The mucosal damage triggered a robust
inflammatory response, as evidenced by reduced infiltration of macro-
phages (F4/80-positive cells) and neutrophils (MPO-positive cells) in
the ML group compared to the P and BM groups (Fig. 6B, C). Flow
cytometry analysis showed that M-Li05 inhibited the increase in

Fig. 3 | Dynamics of C. rodentium colonization in mice following treatment with
Li05 or M-Li05 in the C. rodentium infection model. A In vivo optical imaging of
bioluminescent C. rodentium infection in mice in the CR, BM, L, and ML groups at
day 0, 6, 12, and 14 p.i.BDynamics ofC. rodentium bioluminescence (p/s/cm2/sr) in

each experimental group and fecal C. rodentium concentration from fecal samples
collected at each time point.CQuantification ofC. rodentium concentration in feces
and colon at day 14. Data are presented asmean ± SEM, n = 5–6, *Compared to CR,
# compared to BM, ^ compared to L group. *P < 0.05, **P < 0.01 and ***P < 0.001.
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macrophages and M1 macrophages in the colonic lamina propria,
whereas Li05 treatment only exhibited a slight reduction in macrophage
number without reaching statistical significance (Fig. 6D, E). Serum
levels of inflammatory cytokines IL-1α, IL-6, IL-12, P40, andMCP1were
significantly reduced in the ML group, while IL-10 level increased fol-
lowingM-Li05 treatment (Fig.6F). qPCR analysis of colon tissues further
confirmed the downregulation of IL-1β, IL-6, and TNF-α after M-Li05
treatment (Fig. 6G).

M-Li05amelioratedgutmicrobiota compositiondisorder inDSS-
induced acute colitis
To study the effect of Li05/M-Li05 on the gut microbiota structure in DSS-
induced colitis, we conducted 16s rRNA sequencing analysis. Chao1 was
used to assess α diversity and no significant differences were found between
the five groups (Fig. 7A). PCoA analysis revealed a distinct alteration in gut
microbiota composition in the DSS-induced colitis groups (Fig. 7B). At the

phylum level, there was a significant decrease in relative abundance of
Proteobacteria, Deferribacterota, and Actinobacteriota in the ML group
when compared to the P group (Fig. 7D). At the genus level, an increase in
relative abundance of Pediococcus, Bacteroides, Prevotellaceae, and Eubac-
teriumwas observedwhile pathogenic bacteria such asEscherichia_Shigella,
Mucispirillum and Anaerostipes exhibited decreased abundance in the ML
group compared to the P group (Fig. 7E). However, the treatment of Li05 or
biotin-streptavidin-aMUC2 did not showed obvious decrease in the relative
abundance of pathogenic bacteria.

LEfSe analysis was used to further reveal prognostic microbial
markers. As depicted in Fig. S4, based on a LDA score (log10) > 4.0, we
observed a significant enrichment of Proteobacteria phylum, Enter-
obacteriaceae family and Escherichia_Shigella genus in the P group
compared to the NC andML groups. Conversely, family Lactobacillaceae
and genus Pediococcus were found to be enriched in the ML group
compared to the P and L groups.

Fig. 4 | Analysis of the gutmicrobiota composition andmetabolic profiles in fecal
samples collected from mice in the NC, CR, BM, L, and ML groups in the C.
rodentium infection model. A Quantification of P. pentosaceus in feces at day 0, 7,
and 14. B PCOA of the gut microbiota composition of mice in the five groups.
C, D Relative abundances of the most abundant taxa at phylum level. E Relative

abundances of the most abundant taxa at genus level. F Relative abundances of
Citrobacter, Lactobacillus, Turicibacter and Akkermansia. G SCFAs concentrations
in the fecal samples in the five groups. Data are presented as mean ± SEM, n = 6,
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Colonic transcriptome analysis ofM-Li05 effect onDSS-induced
colitis
To assess the impact of M-Li05 on DSS-induced colitis, we performed
transcriptome analysis on colon tissues. A total of 6364 differentially

expressedgenes (DEGs)were identifiedbetween thePandNCgroups (3371
up-regulated and 2993 down-regulated), and 4101 DEGs were identified
between the ML and P groups (1972 up-regulated and 2129 down-regu-
lated), with P < 0.05 and a fold change > 1.0 (Fig. S5A, B). Principal

Fig. 5 | Enhanced effect of M-Li05 in treating DSS-induced colitis in mice.
A Schematic diagram of the mouse experiment with a DSS-induced colonic
inflammation model system. BWeight change (%) during the experimental period.
C DAI score recorded every day after DSS drinking. D Representative images of
colon tissues and colon length. E Representative images of ZO1, occludin and

claudin1 immunofluorescence-stained preparations of the colon tissue.
F Expression level of tight conjunction protein genes (ZO1, occludin and claudin1)
and MUC2.G LBP concentration in serum in the five groups. Data are presented as
mean ± SEM, n = 8, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 6 |M-Li05 alleviated colonic inflammation induced byDSS. ARepresentative
images of H&E staining of the colon tissue and Histopathology scores.
B, C Representative images of F4/80 and MPO immunohistochemistry-stained
preparations of the colon tissue and respective positive area %.D, E Flow analysis of
macrophages and M1 macrophages in colonic lamina propria. F Cytokines (IL-1α,

IL-6, IL-10, IL-12, MCP1, MCP1β) level in the serum. G IL-1β, IL-6 and TNF-α
expression level in the colon tissue. Data are presented as mean ± SEM, n = 8 for
pathology scoring, cytokines and transcription level, n = 6 for immunohistochem-
istry scoring, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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component analysis (PCA) showed distinct alterations in gene expression
across the five groups (Fig. S5C).

KEGG enrichment analysis revealed that, compared to the NC group,
the P group exhibited up-regulation of several key pathways, including
cytokine–cytokine receptor interactions, NF-κB signaling, and TNF sig-
naling. Notably, M-Li05 treatment significantly suppressed these pathways,
with down-regulation of genes such as Ccl2, Ccl4, Cxcl2, IL-1α, IL-1β,
Icam1, TNF, TLR2, and TLR5 (Fig. S5D-E). These findings suggested that
M-Li05 exerted an anti-inflammatory effect by modulating cytokine and
immune receptor signaling pathways.

Discussion
Adhesion and colonization in the intestine are prerequisites for probiotics to
have long-term probiotic effects. Although Li05 has been shown to have
promise as an adjuvant therapy in treating colitis and cirrhosis, the limited
mucoadhesive effect of the probiotic limits its function. To enhance the
mucoadhesive properties of Li05, we developed Li05 with aMUC2 mod-
ification. By conjugation with fluorescent streptavidin, we confirmed that
biotinwas successfully linked to the surface of Li05.Meantime, treatment of
simulated gastric acidor simulated intestinalfluids didnot affect the stability
of the conjugation of biotin to Li05. Growth curves of biotinylated Li05,

Fig. 7 | The intestinal microbiota composition alternation after treatment of
M-Li05 onDSS-induced colitis inmice.A α-diversity of the faecalmicrobiota in the
five groups. B PCoA plot among the five groups. C Relative abundance of P. pen-
tosaceus in the fecal samples of L and ML groups. D, E Relative abundance in the

most abundant taxa at phylum and genus level and the difference in P and ML
groups. Data are presented as mean ± SEM, n = 8, *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.
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M-Li05 and unmodified Li05 further demonstrated that biotinylation and
surface modification with aMUC2 did not affect the growth of Li05. SEM
imaging of M-Li05 further showed no bacterial cell damage.

The enhanced adhesion ability of M-Li05 was verified in Caco-2/
HT29-MTX cells, GF rats and C57BL mice. On Caco-2/HT29-MTX cells
model, we found significantly higher amount of M-Li05 was attached to
the monolayer than the unmodified Li05. In vivo colonization in GF rats
experiment, M-Li05 could complete colonization faster than unmodified
Li05. Meanwhile, rats treated with M-Li05 had significantly higher con-
centration of P. pentosaceus in their feces at 24 h and 48 h after gavage.
However, due to the amount of anti-MUC2 on the bacteria surface
decreased with bacteria proliferation, this improvement of the adhesion
ability of M-Li05 would become insignificant in the later stage. Accord-
ingly, the number of P. pentosaceus in the feces showed no difference after
3 days. Continuous administration of Li05/M-Li05 in C57BL/6 mice
showed that the number of P. pentosaceus in the feces remarkably
increased in theMLgroup compared to theL group in the early,mid-term,
and end of the experiment. Taken together, these results demonstrated
that modification of aMUC2 could enhance the adhesion of Li05, accel-
erate intestinal colonization and increase the abundance of Li05 in the
intestinal tract. Colonization resistance against pathogen is an important
indicator for evaluating the function of probiotics. Our in vitro coloni-
zation resistance test revealed co-incubation with M-Li05 could sig-
nificantly decrease the attachment ofC. rodentium toCaco-2/HT29-MTX
cells. The modification of aMUC2 not only enhanced adhesion, but also
enhanced colonization resistance to pathogenic bacteria.

To evaluate the function of M-Li05 in the treatment for colitis, C.
rodentium infected colitis and DSS-induced acute colitis mouse model were
established. C. rodentium infection is widely used to model IBD and colonic
cancer21. Gut microbiota critically participated in the establishment and
progress of C. rodentium infection23,28. Our in vivo study demonstrated the
treatment of M-Li05 could ameliorate C. rodentium infection by clearing C.
rodentium, regulating the gutmicrobiota andmetabolism, restoring intestinal
barrier and alleviating inflammation.However, these effectswere not obvious
when biotin-streptavidin-aMUC2 or Li05 were administrated singly. The C.
rodentium infection cycle includes four phases: 1) the establishment phase
(1–3 p.i.), 2) the expansion phase (4–8 p.i.), 3) the steady-state phase (8–12
p.i.), and 4) The clearance phase (from 12 p.i.)22. Fecal shedding of C.
rodentium was monitored by fecal bacterial enumeration and 2D BLI. The
shedding of C. rodentium showed distinct reduction at the steady-state and
clearancephases (day12and14) in theMLgroup,demonstrating thatM-Li05
accelerated clearing C. rodentium by competitive exclusion. C. rodentium
infection can trigger inflammation when C. rodentium breaks the epithelial
barrier, whose lipopolysaccharide (LPS), the type III secretion system (T3SS),
and peptidoglycan can be recognized as pathogen-associated molecular pat-
terns (PAMPS) by host immune system21. Multiple cytokines (IL-1β, IL-6,
TNF-α, IFN-γ, IL-17) are involved in the development of C. rodentium
infections21. Consistent with previous findings25,29,30, colonic mRNA levels of
TNF-α, IFN-γ, IL-17 were obviously increased in the CR group and the
treatment ofM-Li05 attenuated the expression of these inflammatory factors
andneutrophil infiltration, butmice in the Li05 treatment grouponly showed
a lower level with no significant difference. The C. rodentium pathogenic
process can be recognized as attaching and effacing (A/E) lesions which is
characterized by intimate contact between bacteria and the intestinal epi-
thelium, effacement of the microvilli and actin accumulation31. The locus of
enterocyte effacement (LEE) of C. rodentium can encode several effector
proteins including T3SS which participate in disrupting intestinal tight
junction integrity32. We observed typical A/E lesions through TEM. A large
numberofC. rodentiumadhered to the surfaceofmicrovilli, causing extensive
destruction of microvilli and damage to tight junction in the CR and BM
groups. We evaluated intestinal barrier damage by detecting tight junction
proteinRNAlevels and found that colonicmRNAlevels ofZO1,occludinand
MUC2were increased in theMLgroupcompared to theCRgroup.Therefore,
the administration of M-Li05 attenuated colonic inflammation and restored
the intestinal barrier damage caused by infection of C. rodentium.

Numerous studies have shown that gut microbial structure contribute
to the individual intestinal susceptibility to C. rodentium infection23,33,34.
Intestinal microbiota can fulfil an important colonization resistance to C.
rodentium by strengthening intestinal barrier, competing for specific
nutrients, and producing microbial metabolites to affect the expression of
virulence genes22. Our results described a higher relative abundance of
Lactobacillus in M-Li05-fed mice compared to those in the CR and NC
groups, but the opposite was true for Citrobacter and Turicibacter. Lacto-
bacillus is considered an important commensal which can enhance the
formation of the mucus barrier and provide colonization resistance by
limiting pathogen access to intestinal epithelial cells35–37. The abundance of
Turicibacter appeared to be inversely correlated with intestinal butyrate
levels which have an anti-inflammatory effect38. The Citrobacter were less
abundant further implying an improved effectiveness of M-Li05 on C.
rodentium clearance. Some studies have speculated that resistance to C.
rodentium infection is linked to a decreased ratio of Firmicutes / Bacter-
oidota (F/B)33,39. In contrast, our results showed that the relative abundance
of Firmicutes was increased whereas Bacteroidota was decreased in the ML
group compared to the NC and L groups, indicating a higher F/B in theML
group. Correspondingly, abundances of Bacteroidaceae and Prevotellaceae,
which are common families of the phylum Bacteroidetes, were also
decreased among mice in the ML group compared to mice in the L group.
Our results indicated that clearing of C. rodentium did not seem to rely on
thehigher abundanceofBacteroidetes. It canbe speculated thatM-Li05may
promote the proliferation of probiotics like Lactobacillus37 and
Akkermansia25 to accelerate the clearence of C. rodentium.

The intestinal microbiota can activate intestinal immune cells by their
production of the SCFAs. Although previous experiments have indicated
that Li05 achieved anti-inflammatory effects through SCFAs13, our results
showed that stimulation of production of SCFAs was quite limited when
unmodified Li05 was used and only the levels of propionate and hexanoic
acidswere observed to increase. The administration ofM-Li05 did, however,
significantly increase the concentration of six different SCFAs. Acetate and
propionate interactwithGprotein-coupled receptor41 (GPR41) andGPR43
on the surface of enterocytes and stimulate the proliferation of TH1 cells and
TH17 cells, which in turn respond to C. rodentium and accelerate C.
rodentium clearance40. Butyric acid is another important anti-inflammatory
metabolite produced by gut microbes41. Studies have demonstrated that
butyrate could alter the metabolic activity of macrophages to improve oxi-
dative phosphorylation and promote alternative macrophage activation42,43.
Macrophage activity is related with TH17 and TH2 cells which response for
pathogen clearance including C. rodentium42. Meanwhile, administration of
appropriate concentration of propionate and butyrate can promote MUC2
expression by regulating the promoter44 which may explain why MUC2
expressionwas elevated in theML group.However, some studies have found
that butyrate could induce expression of the type III secretion system which
created contiguous channels between the bacteria and host cell membranes,
allowing the injection of virulence factors directly to host cells22,45. Taken
together, the increase of intestinal SCFAs appeared to have a beneficial effect
on C. rodentium clearance and relief of intestinal lesions.

In the DSS-induced colitis mouse model, treatment with M-Li05
resulted in significant improvement in clinical indicators (such as weight
loss, DAI, and colon length), intestinal barrier integrity, colonic inflam-
mation, and intestinal microbiota dysbiosis. DSS exerts a toxic effect on the
colonic epithelium leading to extensive ulceration of the colon,which causes
direct contact between intestinal epithelial cells and antigens, and triggering
strong immune response46,47. Treatment with M-Li05 elevated the expres-
sion of ZO1, occludin, claudin1 and MUC2 and restored intestinal barrier,
decreasing bacterial translocation and the level of serum LBP. Intestinal
microbiota plays a crucial role in initiating and maintaining intestinal
inflammatory response in patients with IBD by providing antigens or other
stimulating factors that trigger immune cell activation48. Studies revealed
that harmful bacteria presented overgrowth, including Fusobacterium49 and
Enterobacteriaceae50, while probiotics like Faecalibacterium prausnitzii51

were inhibited.Escherichia coli, known for its strongmucosal erosivity52, can
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trigger a potent immune response by secreting effector proteins like EspG,
Map, and Tir53, which increase intestinal permeability54. Escherichia coli,
Escherichia_Shigella, and C. rodentium, all belonging to the Enterobacter-
iaceae family, share significant genetic similarities21. Surfacemodification of
aMUC2 was shown to enhance the adhesion of Li05, improving its resis-
tance to C. rodentium. Correspondingly, in the ML group, we observed a
reduced relative abundance of Proteobacteria, Enterobacteriaceae, Escher-
ichia_Shigella,Mucispirillum, and Anaerostipes.

Exposure to LPS activates various immune cells, including
neutrophils55 andmacrophages56, leading to the production of cytokines
such as TNF-α, IL-1α, IL-1β, IL-6, and IL-1257,58. By inhibiting pathogen
colonization, M-Li05 reduced antigen exposure to intestinal immune
cells, thereby suppressing colonic inflammation. Transcriptome analysis
of colon tissues revealed that DSS-induced colitis upregulated
inflammation-related genes, including those involved in
cytokine–cytokine receptor interactions, NF-κB, and TNF signaling
pathways. Treatment with M-Li05 significantly reduced the expression
of these inflammatory genes, likely due to its colonization resistance
against pathogens and the preservation of the intestinal barrier. Speci-
fically, neutrophil and macrophage activation, particularly M1 macro-
phages, was reduced, and pro-inflammatory cytokines, such as IL-1α, IL-
1β, IL-6, IL-12, andTNF-α, were significantly repressed in theML group.

In this study, the aMUC2 adhesin was successfully conjugated to the
surface of P. pentosaceus Li05, enhancing its mucoadhesion in the gut. The
modification process was rapid, non-toxic, and did not affect the growth
characteristics of Li05. Treatment with M-Li05 significantly alleviated C.
rodentium infection and DSS-induced colitis by clearing pathogens,
improving gut barrier integrity, inhibiting excessive inflammation, and
modulating metabolic profiles. While M-Li05 shows promise as a ther-
apeutic for colitis, the current modification process is not suitable for large-
scale production, limiting its broader application. Future research will focus
on optimizing the production process for scalability.

Methods
Bacterial strains and cell lines
Pediococcus pentosaceus Li05 (CGMCC 7049) was cultured inMan Rogosa
Sharpe (MRS) medium (Oxoid, Basingstoke, UK) in an anaerobic work-
station (37 °C, 24 h) (bioMérieux, Marcy l′Ètoile, France). Bioluminescent
Citrobacter rodentium strain ICC180 was inoculated into Luria-Bertani
(LB) broth (BD, Franklin Lakes, NJ, USA) in an aerobic incubator (37 °C,
24 h, 200 rpm). Caco-2 cell (TCHu146) and HT29-MTX-E12 cell were
purchased from Cell Bank/Stem Cell Bank, Chinese Academy of Sciences.
Caco-2 and HT29-MTX cells were cultured using Dulbecco′s modified
Eagle′s medium (DMEM) (Gibco, Grand Island, USA) supplemented with
1% penicillin-streptomycin (Gibco, Grand Island, USA) and 10% fetal
bovine serum (Gibco, Grand Island, USA) at 37 °C with 5% CO2.

Surface modification of P. pentosaceus Li05
The process of surfacemodification of Li05 is shown in Fig. S1. At first, Li05
was cultured anaerobically in MRS broth (37 °C, 24 h). Bacteria were har-
vested for further use via centrifugation (5000 × g, 5 min) and washed twice
with phosphate-buffered saline (PBS) solution. Then, 1 ml suspension
containing 109 CFUs Li05 cells was incubated with 1mg sulfo-NHS-
functionalized biotin (Thermo Fisher Scientific, MA, USA) on a shaker for
30min at room temperature (RT). After biotinylation, Li05 were harvested
via centrifugation and washed twice with 100mM glycine PBS solution.

Anti-MUC2 polyclonal antibody (Abcam, Cambridge, UK) was con-
jugated to streptavidin using a streptavidin conjugation kit (Abcam, Cam-
bridge, UK). Anti-MUC2-streptavidin was then incubated with biotinylated
bacteria for 30min on a shaker. Finally, the aMUC2-targeted Li05 (M-Li05)
washarvestedvia centrifugation (5000 × g, 5min)andwashed twicewithPBS.

To evaluate the conjugation of streptavidin to biotinylated Li05, 1ml of
non-biotinylated or biotinylated Li05 (109 CFUs / mL) were incubated with
10 μL fluorescent streptavidin (1mg/ml) (Alexa Fluor 568 Streptavidin)
(Thermo Fisher Scientific, MA, USA) for 30min, followed by incubation

with DAPI staining solution (Servicebio, Wuhan, China) for 10min in a
dark environment andwashed twicewithPBS. Images of the stainedbacteria
were taken using a confocal microscope (DMi8, Leica, Wetzlar, Germany).

To evaluate the stability of themodification, 1ml biotinylated Li05 (109

CFUs / mL) was conjugated with fluorescent streptavidin in the way
described above. Simulated gastric fluids and simulated intestinal fluids
were prepared according to a protocol59. After DAPI staining, the solution
was treated with simulated gastric fluids or simulated intestinal fluids for
0min, 30min or 1 h in a dark environment. After treatment, images of the
stained bacteria were taken immediately using a confocal microscope
(DMi8, Leica, Wetzlar, Germany).

Scanning electronic microscopy of bacterial morphology
1ml suspension (109 CFUs / mL) of Li05 and M-Li05 were seeded in
coverslips and incubated for 1 h at 37 °C. Then, the coverslips were fixed
with 2.5% glutaraldehyde solution (24 h, 4 °C) protecting from light. After
electron microscopy sample preparation, the samples were subsequently
coated with a thin layer of gold by direct current sputtering before visuali-
zation at different magnifications (5000× and 30000×) with a Nova Nano
450 SEM (Thermo Fisher Scientific, Czech).

Bacterial attachment to Caco-2 / HT29-MTX cells model
Caco-2 and HT29-MTX cells were seeded in 6-well plates (Corning, NY,
USA) in a 4:1 ratio and grown to 90–100% confluence. Before treatment
with bacteria, Caco-2 / HT29-MTX cells were triple-washed with PBS to
completely remove the remainingFBS andpen-strep. Li05 andM-Li05were
prepared as described above.After thefinalwash, bacteriawere resuspended
in DMEM and diluted to 108 CFUs/mL, of which 1mL was added to the
plates and incubated with Caco-25/HT29-MTX cells (37 °C, 1 h). Then,
Caco-2 / HT29-MTX cells were washed three times with PBS to remove the
unattached bacteria. The remaining cells and bacteria were harvested by cell
scrapers (BIOLOGIX, Shandong, China). The numbers of the adhered
bacteria were counted by plating gradient dilutions of the mixture of cells
and bacterial suspension on MRS agar medium (Oxoid, Basingstoke, UK).

Bacterial colonization in Germ-Free (GF) rats
GF Sprague-Dawley male 10 weeks-old rats were purchased from Shanghai
Lab Animal Research Center (Shanghai, China) and nurtured and main-
tained by the Germ-free Animal Platform of State Key Laboratory for
Diagnosis andTreatment of InfectiousDiseases. Ratswere randomly divided
into two groups: treatment of unmodified Li05 (Li05) and treatment of
M-Li05 (M-Li05). Li05 and M-Li05 groups were orally administrated once
with 1mL bacterial solution (containing 109 CFUsP. pentosaceus Li05 orM-
Li05). Fecal samples were collected at different time points after gavage (1 h,
4 h,8 h, 24 h, 2days, 3days, 4days, 5days and6days).Numbersof adheredP.
pentosaceuswere counted by RT-qPCR as described in the following section.

In vitro adhesion competition against C. rodentium
To assess the colonization resistance of Li05 or M-Li05 toward
pathogenic bacteria, C. rodentium was selected as a model pathogen.
Caco-2 and HT29-MTX cells were seeded in 12-well plates (Corning,
NY, USA) in a ratio of 4:1 and grown to 90–100% confluence. Before
treatment with bacteria, cells were triple-washed with PBS to com-
pletely remove the remaining FBS and pen-strep. For the competitive
adhesion experiment, bacteria in the same concentration (about 5*107

CFUs / ml) were suspended in DMEM. Cultures of DMEM / C.
rodentium, Li05 / C. rodentium or M-Li05 / C. rodentium were incu-
batedwith Caco-2monolayers (37 °C, 1 h) andwashed three times with
PBS to remove unattached bacteria. Bioluminescence of C. rodentium
was taken immediately by IVIS Spectrum optical imaging system
(Caliper Life Sciences, Waltham, MA, USA). Then, the remaining cells
and bacteria were harvested with cell scrapers. The numbers of the
adheredC. rodentiumwere counted by plating gradient dilutions of the
mixture of cells and bacterial suspension on MacConkey (MAC) agar
medium (Solarbio, Beijing, China).
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Mice
Specific pathogen-free (SPF) male and female eight-week-old C57/BL6J
mice were purchased from Ziyuan Experimental Animal Technology
(Hangzhou, China) and housed under 12 h light and dark cycles.Mice were
fed with Lab mice diet (Zhejiang Experimental Animal Center, Hang-
zhou, China).

Animal experiment 1: inhibition of C. rodentium infected colitis
in mice
According to a protocol for C. rodentium infection mouse model28, female
mice (18-20 g) were chosen and divided randomly into five groups (n = 6 in
each group): negative control (NC), C. rodentium infected (CR), treatment
of biotin-streptavidin-aMUC2 (BM), treatment of Li05 (L) and treatment of
M-Li05 (ML). L and ML groups were orally treated with 200 μl bacterial
solution (~109 CFUs) of Li05 or M-Li05 from day -7 to day 14. BM group
were orally treated with 200 μl of biotin-streptavidin-aMUC2 from day−7
to day 14. CR and NC groups were intragastrically treated with 200 μl PBS
fromday−7 to day 14 as control. Before infection,C. rodentiumwas grown
overnight in LB broth and harvested via centrifugation (3000 g, 15min). At
day 1, each mouse in the CR, BM, L and ML groups was orally inoculated
with 200 μl of bacterial solution (containing 3*109 CFUs C. rodentium) to
induce infection, whereas mice in the NC group received 200 μl of PBS as
control. The weight of mice and fecal condition were recorded daily. At day
14, all mice were humanely sacrificed under isoflurane anesthesia.

Animal experiment 2: prevention of DSS-induced colitis in mice
Male mice were divided randomly into five groups (n = 8 in each group):
NC,P,BM,LandML.Mice in theBMgroupwere treatedwith 200 μl biotin-
streptavidin-aMUC2byoral gavage fromday−7 to day 9.Mice in the L and
ML groups were treatedwith 200 μl Li05 orM-Li05 by oral gavage fromday
−7 to day 9. As control, mice in the NC and P groups received 200 μl PBS
daily.Mice inP,BM,L andMLgroupswere givendrinkingwater containing
2.5% (wt/vol) DSS (molecular weight: 36,000–50,000Da; MP Biomedicals,
California, USA) from day 0 to day 7, followed by distilled water for 3 days.
The disease activity index (DAI) score was recorded daily after starting DSS
administration to evaluate the colitis severity. TheDAI score (0–12) include
three parts: weight loss, fecal blood and consistency. Fecal blood was
detected by fecal occult blood reagent test (Baso, Zhuhai, China). At day 9,
all mice were humanely sacrificed under isoflurane anesthesia.

Quantification of Li05 and C. rodentium in mice
To evaluate the clearance of C. rodentium and colonization of Li05, fecal
pellets were collected frommice in each group every two days starting from
day 4 to day 14. Previously reported primers were used to quantify C.
rodentium60 and P. pentosaceus61. The standard curves of quantification
were provided in Fig. S2A, B. DNA was extracted from an accurately
weighed fecal sample (50mg) by the DNeasy PowerSoil Pro kit (Qiagen,
Hilden, Germany). Then, RT-qPCR was performed to quantify C. roden-
tium and P. pentosaceus. The samples were tested in duplicate.

Dynamic change ofC. rodentium in GIT using 2Dbioluminescent
imaging
Mice were anaesthetized with isoflurane and depilated before capture.
Bioluminescence imaging (BLI) of C. rodentium was performed by IVIS
Spectrum optical imaging system at days 4, 6, 8, 12, and 14. Regions of
bioluminescence were identified and quantified (photons/s/cm2/sr)
(sr=Steradian) using the Living Image 4.3.1 software (Caliper Life Sciences).

Evaluation of colonic morphology by transmission electron
microscopy
Colon tissues were collected and fixed immediately in 2.5% glutaraldehyde
solution in a dark environment (24 h, 4 °C). After washed 3 times with PBS,
the tissues were fixed with 1% osmic acid and washed with PBS again. After
subjecting to ethanol (50%, 70%, 90%, 100%) and absolute acetone for
dehydration, the samples were sectioned with ultramicrotome (Leica,

Wetzlar, Germany). Lead citrate solution and uranyl acetate solution were
used to stain the samples successively. Finally, the prepared tissues were
finally observed at different magnifications (11000× and 49000×) under
Tecnai G2 Spirit transmission electron microscope (Thermo Fisher Scien-
tific, MA, USA).

Histopathology and immunohistochemistry analysis
Immediately after sacrificing the mice, 1 cm terminal colon tissues were
collected and fixed with 4% paraformaldehyde overnight at RT. Then colon
tissues were embedded in paraffin and cut into 2μm-thick sections. After
deparaffinization and hydration, the colon sections were stained with
hematoxylin solution for 3min. After washing, the colon sections were
stained with eosin solution for 2min. Following dehydration, the colon
samples were observed under a light microscope and the degree of colon
injury was scored according to a histological scoring standard62. For
immunohistochemistry, colon sections were stained with myeloperoxidase
(MPO), Ki67 and F4/80 (Abcam, Cambridge, UK). For immuno-
fluorescence, colon sections were stainedwith ZO-1, occludin and claudin1
(Abcam, Cambridge, UK).

RNA extraction and real-time quantitative PCR analysis
RNeasy mini kit (Qiagen, Hilden, Germany) was used for the extraction of
totalRNA fromterminal colon tissues and thewhole processwas carriedout
on ice to minimise RNA degradation. Extracted RNA was immediately
reverse transcribed to cDNA using PrimeScript RT master mix (TaKaRa
Biomedicals, Kusatsu, Japan) and then stored at -80°C. The relative
expression of targeted genes was analysed in duplicate andGapdhwas used
as an internal reference. Finally, ΔΔCT was calculated for the final mea-
surement. Primers are presented in Table S1.

16S rRNA DNA analysis
Fecal total bacterial DNA was extracted with DNeasy PowerSoil Pro kit
(Qiagen, Hilden, Germany). The V3-V4 region of 16S rRNA gene was
amplified using universal bacterial primers (see table S1). After purification,
the amplified products were further used to generate the sequencing
libraries. Finally, the qualified library was sequenced with NovaSeq-PE250
platform (Illumina). Paired-end reads were assigned to samples based on
their unique barcodes. Then Paired-end reads were merged, denoised, and
filtered using the QIIME2 software (Version QIIME2-202006) to obtain
Amplicon Sequence Variants (ASVs). α diversity was analysed by Chao1
and Shannon indexes. β diversity was visualized by Principal Coordinate
Analysis (PCoA) based on weighted UniFrac metrics.

Flow analysis of colonic lamina propria
The intact colons were separated and immerged in PBS solution immedi-
ately after the mice were sacrificed. The dissociation and digestion were
conducted after cutting and cleaning colon tissue. The immune cells were
acquired by centrifugation at 1000 g for 20min. After staining with L/D,
CD45, CD11b, F4/80, CD86 and CD206 (BD Pharmingen, San Diego, CA,
USA), the cells were fixed and analysed using LSRFortessa (BDBiosciences,
San Jose, CA, USA). The data were analysed by FlowJo_V10.8.

Transcriptome analysis of colon tissue
TotalRNAfromthe colonwas extractedand reverse transcribed to cDNAas
previously mentioned. Then cDNA was sequenced and the clean reads
aligned to reference genome. The expression level of each transcript was
calculated according to the transcripts per million reads. The differential
expression genes (DEGs) with FC≧1 and P value < 0.05 were considered to
be significantly different expressed genes. Finally, KEGG-enrichment ana-
lysis was performed using Python scipy software to identify which DEGs
were significantly enriched in specific pathways.

Quantification of short chain fatty acids in colonic content
50mg fecal sample was suspended in 1ml 80% methanol-water solution.
Mixed the supernatant with 20 μl of 3-NPH and 20 μl of EDC reagent after
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homogenization and centrifugation (20,000 × g, 15min, 4 °C). After cen-
trifugation and incubation (40 °C, 30min), 440 μl initial mobile phase
solution was added to the mixture. Then, 200 μl of the mixture was trans-
ferred into the injection vial for LC-MS/MS analysis. The analysis was
performed on a TSQ Altis mass spectrometer (Thermo Scientific, MA,
USA). The external standard method was used for quantification, and the
retention timeandMRMfragment ionswere comparedby themethodology
standards for characterization.

Statistical analysis
The results are presented as means ± SEM. The Kolmogorov–Smirnov
test or Shapiro-Wilk test was used to analyse the normality of the data.
Statistically significant differences between groups were evaluated by
one-way ANOVA followed by Tukey’s post hoc test or Student’s t-tests.
Brown-Forsythe ANOVA followed by Dunnett-T3’s test was applied for
the groups that did not show homogeneity of variance. Nonparametric
ANOVA (Kruskal–Wallis test) followed by Dunn’s post hoc test was
applied when data did not pass normal distribution test. P < 0.05 was
considered statistically different. GraphPad Prism (version 8) was used
for statistical analysis.
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The present study was approved by the ethics committee of the First
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