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Vibrio cholerae virulence is blocked by 
chitosan oligosaccharide-mediated 
inhibition of ChsR activity

Yutao Liu    1,5, Jialin Wu2,5, Ruiying Liu1,5, Fan Li1, Leyan Xuan2, Qian Wang1, 
Dan Li1, XinTong Chen1, Hao Sun1, Xiaoya Li1, Chen Jin1, Di Huang1, Linxing Li1, 
Guosheng Tang    2   & Bin Liu    1,3,4 

Vibrio cholerae causes cholera, an important cause of death worldwide. 
A fuller understanding of how virulence is regulated offers the potential 
for developing virulence inhibitors, regarded as efficient therapeutic 
alternatives for cholera treatment. Here we show using competitive 
infections of wild-type and mutant bacteria that the regulator of chitosan 
utilization, ChsR, increases V. cholerae virulence in vivo. Mechanistically, 
RNA sequencing, chromatin immunoprecipitation with sequencing and 
molecular biology approaches revealed that ChsR directly upregulated the 
expression of the virulence regulator, TcpP, which promoted expression 
of the cholera toxin and the toxin co-regulated pilus, in response to low 
O2 levels in the small intestine. We also found that chitosan degradation 
products inhibit the ChsR–tcpP promoter interaction. Consistently, 
administration of chitosan oligosaccharide, particularly when delivered 
via sodium alginate microsphere carriers, reduced V. cholerae intestinal 
colonization and disease severity in mice by blocking the chsR-mediated 
pathway. These data reveal the potential of chitosan oligosaccharide as 
supplemental therapy for cholera treatment and prevention.

Vibrio cholerae is the causative agent of cholera, a severe and sometimes 
fatal diarrhoeal disease. The current, seventh, pandemic began in 1961. 
It is estimated that V. cholerae causes 3 to 5 million cases of cholera annu-
ally, resulting in 100,000 to 120,000 deaths every year1–3. Currently, oral 
rehydration solution is the most important and efficient treatment for 
cholera4,5. However, this therapeutic strategy does not influence bacte-
rial survival or virulence and its effectiveness is limited, particularly in 
young and elderly patients6. In addition, V. cholerae isolates resistant to 
multiple antibiotics are becoming more prevalent7. Thus, novel drugs 

to treat cholera are urgently needed. While phage therapy has potential 
as an alternative strategy for treatment and prevention of cholera in 
animal models8,9, the development of antimicrobial therapy against  
V. cholerae has also recently focused on virulence inhibitors4.

To cause disease, V. cholerae needs to successfully colonize the 
surface of epithelial cells in the small intestine10. The major virulence 
factors of V. cholerae are the toxin co-regulated pilus (TCP), which 
facilitates the attachment of bacteria to the intestinal epithelium, and 
cholera toxin (CTX), which enters epithelial cells and causes massive 
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in V. cholerae, and several have roles potentially involved in virulence 
or colonization17–20. FruI is reported to regulate virulence by influenc-
ing intracellular cAMP levels in V. cholerae17, while CytR regulates the 
expression of genes related to flagellar motility, adhesion and viru-
lence21. It is likely that more LacI-type regulators are involved in the 
regulation of virulence in V. cholerae. ChsR is a LacI-type regulator 
that represses the expression of chsABC, which encodes a carbohy-
drate phosphotransferase system (PTS) for dimers of N-glucosamine 
(GlcN)2 (ref. 18). This substrate is a degradation product of chitin and 
chitosan, which is an important source of carbon and nitrogen for  
V. cholerae22 when outside mammalian hosts and in its natural aquatic 
environment23.

secretion of electrolytes and water into the lumen10,11. CTX and TCP 
synthesis is coordinated by a unique regulatory system, including 
several transcriptional regulators, such as ToxT and TcpP12. The expres-
sion of tcpP is under the control of several regulators: Fur, AphA, AphB 
and OhrR directly activate tcpP expression by binding to its promoter, 
whereas HapR directly represses tcpP expression by binding to  
its promoter13–15.

The genome of pandemic V. cholerae strains also encodes 11 genes 
annotated as potential LacI-type regulators, which are widely found 
across bacteria and often regulate the expression of carbohydrate and 
nutrient utilization genes in accordance with substrate availability16,17. 
Four of these LacI-type regulators have been functionally characterized 
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Fig. 1 | The LacI-type regulator ChsR enhances the virulence of V. cholerae.  
a, Competition assay comparing the colonization ability of WT, ΔchsR and 
ΔchsR+ in the infant mouse intestine (n = 7). The CI is defined as the output ratio 
of mutant strains to WT lacZ− divided by the input ratio of mutant strains to WT 
lacZ−. Each symbol represents the CI in an individual mouse; horizontal bars 
indicate the median. b, The production of cholera toxin by WT, ΔchsR or ΔchsR+ 
in the small intestine of mice at 24 h postinfection. The nuclei of mouse intestines 
were labelled with DAPI (blue), and cholera toxin was labelled with anti-beta 
subunit cholera toxin antibody (green). c,d, Mean fluorescence intensity (MFI) 
analysis of cholera toxin (c) and intestinal cells (d) in each field. Three visual 

fields from each mouse were analysed, and five mice were examined. The boxes 
represent the 25th to 75th percentiles. The whiskers represent minimum and 
maximum data points. The horizontal bars indicate the median. e, Cholera toxin 
production in the small intestine (SI) of WT, ΔchsR or ΔchsR+-infected mice 
was determined by ELISAs (n = 3). f,g, Representation (f) and histological score 
(g) of WT, ΔchsR and ΔchsR+ in the infant mouse intestine 24 h postinfection 
(n = 3). Significance was determined by a two-sided Mann‒Whitney U test (a) 
or a two-tailed unpaired Student’s t-test (c,d,e,g) and indicated as the P value. 
*P < 0.05;  ***P < 0.001. Data are presented as mean ± s.d. (e,g).
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Here we show that ChsR contributes to the virulence of V. cholerae 
by directly increasing the expression of tcpP, which further promotes 
the production of CTX and TCP. Chitosan oligosaccharide (COS) is an 
oligomer of GlcN ((GlcN)n), which is produced through the deacetyla-
tion and hydrolysis of chitin and chitosan24. COS has been recognized as 
a generally recognized as safe material by the US FDA and is frequently 
used as a food supplement25. We showed that administration of COS 
effectively suppresses the virulence of V. cholerae in vivo by specifi-
cally disrupting the chsR-mediated pathway. Sodium alginate (SA) 
microspheres represent a pH-sensitive material that prevents drug 
degradation by gastric acid and facilitates targeted release within the 
intestinal tract, suggesting potential for SA microspheres as drug car-
riers in the treatment of intestinal diseases26. In this study, we designed 
FDA-approved SA microspheres as carriers, using the gas-shearing 
method for the targeted delivery of COS to the small intestine, thereby 
enhancing therapeutic efficacy.

Results
ChsR activity increases V. cholerae virulence
Comparative genomics analysis revealed that chsABC and chsR show 
identical distribution patterns in pandemic and non-pandemic V. chol-
erae strains: they are present in all pandemic strains but only in some 
non-pandemic strains (Supplementary Dataset 1). It indicates that the 
acquisition of these genes may confer selective advantages to pan-
demic strains. To investigate whether chsR is also associated with the 
virulence of V. cholerae, in addition to its role in regulating chitosan 
utilization, we tested whether chsR contributes to the colonization abil-
ity of bacteria in the small intestine of infant mice. We constructed the 
deletion mutant ΔchsR and the corresponding complemented strain 
ΔchsR+ in the seventh-pandemic strain El2382 (ΔchsR+ was generated 
by introducing a plasmid containing chsR with its native promoter 
into ΔchsR). The competitive infection assays in infant mice showed 
that ΔchsR exhibited a significantly defective intestinal colonization 
ability compared with the wild type (WT) in the small intestine (Fig. 1a), 
while ΔchsR+ competed evenly with WT in the small intestine (Fig. 1a).

Next, we assessed the production of CTX by V. cholerae in the small 
intestine of infant mice. The ileum of mice infected by WT, ΔchsR or 
ΔchsR+ and the ileal contents were fixed. Paraffin cross-sections were 
probed using an antibody against CTX and analysed by immunofluo-
rescence microscopy. In addition, CTX levels in the small intestines 
of mice infected with WT, ΔchsR or ΔchsR+ were also measured via 
enzyme-linked immunosorbent assays (ELISAs). The results showed 
that the amount of CTX produced by WT or ΔchsR+ in the small intes-
tine of mice was significantly higher than that in ΔchsR-infected mice 
(Fig. 1b–e). This indicates that deletion of chsR inhibited the produc-
tion of CTX.

We further investigated the histological damage caused by  
V. cholerae in the small intestine of infant mice and showed that the 
histopathology scores in WT-infected mice were much higher than 
those in ΔchsR-infected mice (Fig. 1f,g), indicating that the severity of 
disease caused by ΔchsR infection in mice was decreased compared 
with that of disease caused by WT infection. Collectively, these data 
indicate that chsR contributes to bacterial intestinal colonization and 
CTX production, leading to enhanced disease intensity in hosts.

ChsR induces virulence gene expression
We first investigated whether the influence of ChsR on the pathogenic-
ity of V. cholerae is related to its regulation of the expression of chsABC. 
By analysing the growth of ΔchsB or ΔchsR in M9 minimal medium 
supplemented with 0.5% (GlcN)2, we confirmed that ChsB and ChsR are 
involved in the bacterial uptake of (GlcN)2 (Fig. 2a). The competitive 
infection assays showed that ΔchsB competed similarly to WT in the 
small intestine of mice (Fig. 2b). Furthermore, we showed that deletion 
of chsB did not influence the expression of virulence genes in vivo and 
in vitro (Extended Data Fig. 1a,b). This indicates that ChsR does not 

influence the virulence of V. cholerae by regulating the expression of 
the PTS transporter for (GlcN)2.

RNA sequencing (RNA-seq) revealed that 675 genes were signifi-
cantly differentially expressed between ΔchsR and WT in the small intes-
tine of infant mice (Supplementary Dataset 2). In addition to chsABC, 
which showed increased expression in ΔchsR, we observed a decrease 
in the expression of several known virulence genes in ΔchsR, including 
tcpP, toxT and ctxA, which are involved in the regulation and synthesis of 
CTX and TCP. The quantitative reverse transcription (qRT)-PCR assays 
confirmed the decreased expression of these virulence genes in ΔchsR 
compared with WT in vitro and in vivo (Fig. 2c,d). Consistent with this, 
western blotting assays showed that the production of CTX was signifi-
cantly decreased in ΔchsR compared with that in WT (Fig. 2e,f). These 
results suggest that chsR enhances the expression of virulence factors, 
which promotes the pathogenicity of V. cholerae in vivo.

ChsR directly activates tcpP expression
Forty-nine potential binding sites of ChsR on the genome of V. cholerae 
were detected via chromatin immunoprecipitation with sequencing 
(ChIP-seq) analysis (Supplementary Dataset 3), and these included a 
site in the promoter region of tcpP, which is one of the major virulence 
regulators in V. cholerae14 (Fig. 3a). As expected, a potential binding 
site for ChsR was also found in the promoter region of chsB. ChIP with 
quantitative PCR (ChIP-qPCR) assays showed that the tcpP and chsB 
promoters both showed significant enrichment of ChsR via binding 
compared with the control DNA (Fig. 3b), indicating that ChsR directly 
regulates tcpP and chsB expression. Furthermore, competitive electro-
phoretic mobility shift assays (EMSAs) showed that ChsR specifically 
binds to fluorescein amidite (FAM)-labelled PtcpP or PchsB in a specific 
manner. Moreover, the addition of unlabelled PtcpP or PchsB effectively 
competed for ChsR binding to the labelled PtcpP or PchsB (Fig. 3c–e). 
These results indicate that ChsR specifically binds to the promoter 
regions of tcpP and chsB. LacI-type regulators always bind to DNA as 
dimers27. Domain structure predictions revealed a potential dimeri-
zation domain in ChsR (Extended Data Fig. 2a), and a cross-linking 
experiment confirmed that ChsR can form dimers (Extended Data 
Fig. 2b). Using a dye-based DNase I footprinting assay, we revealed 
a specific ChsR-bound sequence containing a 34-base-pair motif 
(5-ATGCAATTAAGTTCTCATTATCAACTGCAGAATT-3) in the promoter 
region of tcpP (Fig. 3f), which was located −108 bp to −74 bp from the 
proximal transcriptional start site. We also performed competitive 
EMSAs using a PtcpP-mutant DNA fragment (without the 34 bp binding 
site) under the same conditions. The results showed that deletion of 
the 34 bp binding site completely abolished the binding of ChsR to 
PtcpP (Fig. 3g). Furthermore, competitive EMSAs were conducted to 
investigate the binding of ChsR to labelled PtcpP and unlabelled PtcpP-mutant. 
The results showed that the unlabelled PtcpP-mutant did not result in a 
reduction of migrating bands, suggesting that ChsR cannot bind to 
PtcpP-mutant (Fig. 3h). These data indicate that ChsR directly regulates the 
expression of tcpP by binding to its promoter region.

We next investigated whether ChsR regulates virulence gene 
expression in V. cholerae via TcpP and constructed the ΔtcpP mutant 
and ΔtcpPΔchsR double mutant. As expected, qRT-PCR assays showed 
that the expression of virulence genes, including toxT, tcpA and ctxA, 
was significantly reduced in ΔtcpP (Fig. 3i). However, deletion of chsR 
had no effect on virulence gene expression and bacterial intestinal 
colonization ability in a ΔtcpP background (Fig. 3i,j), indicating that 
the regulatory role of ChsR on virulence gene expression is mediated 
by TcpP. Collectively, these data suggest that ChsR is able to enhance 
the expression of tcpP by directly binding to its promoter region, which 
results in the increased expression of downstream virulence genes.

AphA, AphB, OhrR and Fur directly activate tcpP expression by 
binding to its promoter13–15. To investigate whether these factors influ-
ence ChsR’s regulation on tcpP expression, we constructed ΔaphB, 
ΔaphA, ΔohrR and Δfur mutants. As expected, the expression of tcpP 
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was reduced in all these mutants. We then overexpressed chsR in these 
mutants. qRT-PCR assays showed that overexpression of chsR in these 
mutants restored tcpP expression to levels close to those found in the 
WT (Extended Data Fig. 2c–f). We also found that the deletion of chsR 
in the ΔaphB, ΔaphA, ΔohrR or Δfur background further decreased the 
expression of tcpP (Extended Data Fig. 2c–f). These data indicate that 
the regulation of tcpP expression by ChsR is not influenced by AphA, 
AphB, OhrR or Fur.

Low O2 induces ChsR-mediated virulence via Fnr
qRT-PCR assays showed that the expression of chsR in V. cholerae 
showed a significant increase in the small intestine of mice compared 
with that in Luria–Bertani (LB) medium in vitro (Extended Data Fig. 3a), 
indicating that chsR expression was upregulated in vivo. DNA pull-down 
assays showed that two regulator proteins (Fnr and Fur) may bind to 
the promoter region of chsR (Supplementary Dataset 4). However, 
competitive EMSAs showed that only Fnr specifically bound to the 
promoter region of chsR, whereas Fur did not (Extended Data Fig. 3b–e).

Fnr is a global transcription regulator controlling the expression 
of many genes in response to oxygen starvation28. The DNA-binding 
activity of Fnr under anaerobic conditions is associated with its ability 
to dimerize, which is regulated by the presence of O2-labile [4Fe-4S] 
clusters. Conversely, under aerobic conditions, the [4Fe-4S] clusters 
are destroyed, and Fnr is converted to an inactive monomeric spe-
cies, which cannot bind to specific DNA targets29,30. qRT-PCR assays 
showed that the expression of chsR in Δfnr was significantly reduced 
compared with that in WT under in vitro anaerobic conditions, whereas 
deletion of fnr had no effect on chsR expression under aerobic condi-
tions (Extended Data Fig. 3f,g). Furthermore, deletion of fnr also led 
to decreased expression of chsR in the small intestine of mice in an 
anaerobic environment (Extended Data Fig. 3h). Consistent with this, 

chsR expression in WT under anaerobic conditions was higher than 
that under aerobic conditions, and chsR expression in Δfnr showed 
no significant difference between anaerobic and aerobic conditions 
(Extended Data Fig. 3i). These data indicate that anaerobic conditions, 
such as the environment in the small intestine, can enhance the expres-
sion of chsR through the regulator Fnr.

As expected, the expression of tcpP was reduced in Δfnr under 
anaerobic conditions (Extended Data Fig. 3j). Given that Fnr is a global 
transcription regulator, it is possible that Fnr can influence tcp expres-
sion independent of ChsR. However, the deletion of fnr in the ΔchsR 
background did not result in a further decrease in tcpP expression 
(Extended Data Fig. 3k). Furthermore, the overexpression of chsR in 
Δfnr restored the tcpP expression levels to the WT levels (Extended Data 
Fig. 3j). These data indicate that the influence of Fnr on tcpP expression 
is mediated by ChsR.

In addition, several regulators, including AphB, OhrR and ArcA, 
are capable of sensing low O2 levels in V. cholerae14,17. In addition, OhrA 
is a thiol-dependent, peroxidase-like protein that responds to redox 
changes in the gastrointestinal tract31. We showed that the deletion of 
aphB, ohrR, arcA or ohrA had no effect on chsR expression under anaero-
bic conditions in vitro or in the small intestine of mice (Extended Data 
Fig. 3l). It indicates that these factors are not involved in the pathway 
through which low O2 levels induce chsR expression.

Collectively, these data indicate that the chsR-mediated virulence 
regulatory pathway is activated by Fnr in response to the low O2 signal 
in the small intestine of the host.

(GlcN)2 and GlcN inhibit ChsR-mediated virulence gene 
induction
It is likely that inhibiting the interaction between ChsR and the pro-
moter region of tcpP may result in decreased expression of downstream 
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virulence genes. The repression effect of LacI-type regulators on 
carbohydrate metabolic and transport genes is always released 
when the corresponding carbohydrate is present and binds to the 
carbohydrate-binding domain of the regulator. As ChsR regulates the 
expression of chsABC, which encodes a PTS transporter for (GlcN)2, 
which can be degraded to GlcN within the cytoplasm of V. cholerae32, 
we hypothesized that (GlcN)2 and GlcN may inhibit the interaction 
between ChsR and target DNA.

EMSAs showed that the binding of ChsR to the promoters of tcpP 
and chsB was inhibited by (GlcN)2 and GlcN (Fig. 4a,b). By contrast, the 
DNA-binding ability of ChsR was not affected by GlcNAc or glucose 
(Extended Data Fig. 4a,b). Furthermore, the surface plasmon resonance 
(SPR) assay showed that (GlcN)2 and GlcN (but not GlcNAc and glucose) 
were able to interact with purified ChsR protein (Fig. 4c and Extended 

Data Fig. 4c). Then, the full-length structure of ChsR was predicted by 
using the AlphaFold Protein Structure Database (Q9KSH0_VIBCH), 
followed by docking with (GlcN)2 and GlcN (Extended Data Fig. 4d). 
The docking results showed a stable interaction between (GlcN)2 and 
GlcN bound to ChsR through hydrogen bonds, van der Waals interac-
tions and pi–pi interactions (Fig. 4d). Furthermore, the docking results 
revealed the indispensability of Arg194 in facilitating the binding of 
ChsR to both (GlcN)2 and GlcN (Fig. 4d).

To identify the crucial amino acids responsible for the binding of 
(GlcN)2 and GlcN to ChsR, R194Q ChsR and R194A ChsR were generated. 
EMSAs revealed that the DNA-binding ability of R194Q ChsR or R194A 
ChsR was not affected by (GlcN)2 or GlcN (Extended Data Fig. 4e–h), 
which is different from the results found for wild-type ChsR. Both R194Q 
ChsR and R194A ChsR can form stable dimers (Extended Data Fig. 2b). 

b c

d

e

j

f

i

a

g

h

WT ∆tcpP ∆tcpP∆chsR
0

0.5

1.0

1.5

2.0

2.5

C
I

P = 0.805

P < 0.001

P < 0.001

NS

***
***

toxT ctxA tcpA 
0

0.5

1.0

1.5

Re
la

tiv
e 

ex
pr

es
si

on P = 0.019

* P = 0.013

*

P = 0.014

*

P = 0.020

*

P = 0.017

* P = 0.012

*

WT ∆tcpP∆chsR∆tcpP

ChsR (µM)
Labelled PtcpP (ng)
Unlabelled PtcpP-mutant (ng)

0 0.4 0.4 0.4 0.4
5 5 5 5 5
0 0 50 100 500

Free
PtcpP

Bound
PtcpP

Free
PtcpP-mutant

ChsR (µM)
Labelled PtcpP (ng)
Unlabelled PtcpP-mutant (ng)

0 0.4 0.4 0.4 0.4
5 5 5 5 5
0 0 50 100 500

5-ATGCAATTAAGTTCTCATTATCAACTGCAGAATTA-3

ChsR + PtcpP

BSA + PtcpP

ChsR + PtcpP-mutant

BSA + PtcpP-mutant

Free
kana
ChsR (µM)
Labelled kana (ng)
Unlabelled kana (ng) 

0 0.4 0.4 0.4 0.4
5 5 5 5 5
0 0 50 100 500

Free
PtcpP

Bound
PtcpP

ChsR (µM)
Labelled PtcpP (ng)
Unlabelled PtcpP (ng) 

0 0.4 0.4 0.4 0.4
5 5 5 5 5
0 0 50 100 500

Free
PchsB

Bound
PchsB

ChsR (µM)
Labelled PchsB (ng) 
Unlabelled PchsB (ng) 

0 0.4 0.4 0.4 0.4
5 5 5 5 5
0 0 50 100 500

0

5

10

15

20

Re
la

tiv
e 

fo
ld

PchsB PtcpP rpoS

P = 0.009

**

P = 0.034

*

P = 0.200

Mock ChIPMock

ChIP

(0–3,000)

(0–30,000)

Mock

ChIP

(0–3,000)

(0–3,000)

chsB

tcpP

NS

Fig. 3 | ChsR directly activates the expression of tcpP, leading to increased 
expression of downstream virulence genes. a, Original sequence peaks of the 
ChsR-binding regions in PchsB and PtcpP according to ChIP-seq analyses. b, Fold 
enrichment of PchsB, PtcpP and the coding region of rpoS in ChsR-ChIP samples, as 
measured by qRT-PCR. rpoS served as a negative control (n = 3). c–e, Competitive 
EMSAs of ChsR binding to FAM-labelled and unlabelled PchsB (c), PtcpP (d) and kana 
(e, negative control, an irrelevant DNA fragment that was amplified from the 
kanamycin-resistant gene of the pKD4 plasmid). f, ChsR binds to a motif in PtcpP 
(this motif is deleted in the PtcpP-mutant). The protected region shows a significantly 
reduced peak intensity and is highlighted by the red box. BSA was used as a 
negative control. g, Competitive EMSAs of ChsR binding to FAM-labelled and 
unlabelled PtcpP-mutant. h, Competitive EMSAs of ChsR binding to FAM-labelled PtcpP 

and unlabelled PtcpP-mutant. i, qRT-PCR analysis of virulence gene (tcpP, toxT, ctxA 
and tcpA) expression in the WT, ΔtcpP and ΔchsRΔtcpP strains in the mouse small 
intestine (n = 3). j, Competition assay comparing the colonization abilities of 
WT, ΔtcpP and ΔchsRΔtcpP strains in the infant mouse intestine (n = 7). The CI is 
defined as the output ratio of mutant strains to the WT lacZ− strain divided by the 
input ratio of mutant strains to the WT lacZ− strain. Each symbol represents the 
CI for an individual mouse; the horizontal bars indicate the median. Significance 
was determined by a two-sided Mann‒Whitney U test (j) or two-tailed unpaired 
Student’s t-test (b,i) and indicated as the P value. *P < 0.05; **P < 0.01; ***P < 0.001. 
Data are presented as mean ± s.d. (b,i). The results are representative of three 
biological replicate experiments (c–e,g,h).
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In addition, we introduced a plasmid containing chsR with the R194Q 
or R194A mutation into the ΔchsR strain, generating the ΔchsR+(R194Q) 
and ΔchsR+(R194A) strains. qRT-PCR assays revealed that tcpP expres-
sion in the ΔchsR+(R194Q) and ΔchsR+(R194A) strains did not signifi-
cantly differ from that in the WT and ΔchsR+ strains (Extended Data 
Fig. 4i). This finding indicates that the R194Q or R194A mutation did 
not affect the stability or function of ChsR in activating the expression 
of tcpP. Collectively, these data indicate that (GlcN)2 and GlcN can bind 
to ChsR and inhibit its interaction with the promoters of tcpP and chsB.

The structure of COS is similar to that of chitosan. By cultivat-
ing bacteria in M9 medium supplemented with 0.5% COS, we found 
that the WT strain, but not the ΔchsB strain, can use COS as its sole 
carbon source (Extended Data Fig. 4j). This finding indicates that  
V. cholerae can use COS in the same manner as it does with chitosan. 
Furthermore, we showed that incubation with (GlcN)2, GlcN or COS sig-
nificantly decreased the expression of virulence genes in the WT strain 
in vitro (Fig. 4e). However, treatment of the ΔchsR, ΔchsR+(R194Q) or 
ΔchsR+(R194A) strains with (GlcN)2, GlcN or COS had no influence on 
virulence gene expression in the bacteria (Fig. 4f–h). Collectively, these 
data indicate that (GlcN)2, GlcN and COS can reduce virulence gene 
expression in V. cholerae by inhibiting the function of ChsR.

COS inhibits V. cholerae virulence via ChsR in mice
Next, we investigated whether administration of COS could reduce the 
virulence of V. cholerae in vivo in an adult mouse model in which the 
mice were treated with a cocktail of four antibiotics (Fig. 5a). We showed 
that in this model, WT can colonize the small intestine of mice, and the 
deletion of tcpA, toxT, tcpP or chsR significantly reduced the bacterial 
intestinal colonization ability compared with that of the WT in vivo 
(Extended Data Fig. 5a). These findings indicate that this model can 
be used to analyse the virulence of V. cholerae. qRT-PCR assays showed 
that virulence gene expression in WT (but not ΔchsR, ΔchsR+(R194Q) 
or ΔchsR+(R194A)) in adult mice fed COS at a concentration of 0.5% was 
significantly decreased compared with that in mice that did not receive 
COS (Fig. 5b,c and Extended Data Fig. 5b,c). We found that colonization 
by WT in the small intestine of mice that were administered 0.5–2% COS 
at the time of bacterial oral challenge was significantly lower than that in 
mice that did not receive COS (the inhibitory effect of COS on the colo-
nization of V. cholerae peaked at a COS concentration ≥0.5%) (Fig. 5d). 
By contrast, COS administration had no effect on the colonization by 
ΔchsR, ΔchsR+(R194Q) or ΔchsR+(R194A) in the small intestine of mice, 
which is different from what was observed for WT and ΔchsR+ (Extended 
Data Fig. 5d,e). In addition, we also showed that the histological damage 
caused by WT (but not ΔchsR) in mice that were administered COS at 
the time of challenge was decreased compared with that in mice that 
did not receive COS (Fig. 5e,f and Extended Data Fig. 5f,g). Collectively, 
these data indicate that by inhibiting the function of ChsR, the pres-
ence of COS in the small intestine resulted in the reduced virulence of 
V. cholerae in vivo, leading to decreased disease intensity in the hosts.

Furthermore, we investigated the potential of COS as a preventive 
agent against V. cholerae infection. We showed that colonization by 
WT in the small intestine of adult mice, which were administered COS 
at concentrations >1% for three consecutive days before the bacterial 
challenge, was significantly decreased compared with that in mice that 
did not receive COS (Fig. 5g). These data indicate that administration of 
COS is probably an effective strategy to prevent V. cholerae infection. 
The fact that a relatively high concentration (>1%) of COS was required 
for preventing V. cholerae infection in animal experiments (as described 
above, feeding mice ≥0.5% COS at the time of bacterial oral challenge 
can inhibit bacterial virulence) may be attributed to the use of COS by 
the gut microbiota.

COS NPs@microspheres inhibit cholera in mice
To improve the efficacy of COS in the treatment and prevention of 
cholera, we innovatively designed SA microspheres loaded with COS 

nanoparticles to target the intestinal tract. A schematic diagram of 
COS nanoparticles encapsulated in SA microspheres (COS NPs@micro-
sphere, CNM) preparation is shown in Fig. 6a, and Fig. 6b–e shows the 
morphology of CNMs under bright-field microscopy, scanning electron 
microscopy (SEM) and fluorescence microscopy. COS nanoparticles 
with green fluorescence were uniformly distributed in the SA micro-
spheres with red fluorescence. Furthermore, the gas-shearing method 
could be easily used to fabricate microparticles with different sizes and 
very high monodispersity (Extended Data Fig. 6a–f). Herein, consider-
ing the feasibility of oral administration, microspheres of 300–500 μm 
were selected for the following experiments (Fig. 6f).

We further investigated the stability and release of the CNMs in 
the gastrointestinal tract. As shown in Fig. 6g–j, the ratio of fluores-
cence intensity did not change significantly in phosphate-buffered 
saline (PBS) and simulated gastric fluid (SGF) but markedly increased 
in simulated intestinal fluid (SIF) after 3 h and had almost 100% after 
21 h, indicating that SA protected COS from degradation in SGF and 
prolonged its retention in SIF.

We observed the distribution of CNMs with an in vivo imaging 
system (IVIS) after oral administration. CNMs could be detected in 
the small intestine 6 h after administration and were completely elimi-
nated in the ileum and colon at 24 h (Fig. 6k,l), indicating that the 
microspheres effectively protected COS from being damaged by the 
stomach and could accumulate in the intestine.

We further investigated the potential of CNMs as a preventive 
measure against V. cholerae infection (Fig. 5a). Using the adult mouse 
model, we found that the colonization by WT (but not ΔchsR+(R194Q) 
or ΔchsR+(R194A)) in the small intestine of mice that were administered 
CNMs at a concentration of 0.5% for three consecutive days before 
bacterial challenge was significantly decreased compared with that 
in mice that received COS (Fig. 6m,n). This indicates that, compared 
with COS, CNMs provide more favourable outcomes in the treatment 
and prevention of cholera.

Several studies have shown that COS has antimicrobial activity33. 
To show that the administration of COS or CNMs reduces the virulence 
of V. cholerae in vivo by blocking the ChsR-mediated virulence path-
way but not by influencing the viability of V. cholerae, we compared 
the number of V. cholerae cells within the intestinal lumen of mice 
treated with PBS, 0.5% COS or 0.5% CNMs (it should be noted that 
the colonization ability of V. cholerae was assessed by measuring the 
efficiency of in vivo bacterial attachment to the intestinal epithelium, 
as described in Methods). The results showed no significant differ-
ence among the groups, indicating that neither COS nor CNMs had 
an effect on V. cholerae survival (Fig. 6o). Furthermore, growth curve 
analysis revealed that supplementation with COS at a concentration 
of 0.5% or CNMs at a concentration of 2% had no inhibitory effect on 
the growth of V. cholera (Extended Data Fig. 6g,h). These data suggest 
that the concentrations of COS and CNMs administered to the mice in 
our experiments did not impact the survival of V. cholerae. These data 
also indicate that the therapeutic effect of COS or CNMs on V. cholerae 
infection is due to their influence on the function of ChsR rather than 
their antimicrobial effects.

Discussion
ChsR is previously known to repress the expression of chsABC when 
chitosan is not available for V. cholerae18. This enables V. cholerae to 
avoid unnecessary energy waste in expressing the PTS when chitosan 
is unavailable, which may benefit bacterial survival in aquatic environ-
ments. Until now, only a limited number of LacI-type regulators have 
been identified to play a role in regulating bacterial virulence, such as 
FruI and CytR in V. cholerae17,21, Cra in enterohaemorrhagic Escherichia 
coli and PurR in Staphylococcus aureus34,35. In this study, we showed 
that chsR expression is induced in the small intestine of the host by the 
low O2 signal, which promotes the production of CTX and TCP in this 
infection site, leading to enhanced bacterial pathogenicity in the host. 
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These facts suggest that chsR contributes to both the in vivo virulence 
and environmental fitness of V. cholerae.

Several strategies, such as recombination-based in vivo expression 
technology and transposon insertion site sequencing, have previ-
ously been used to identify essential genes for the in vivo fitness of 
V. cholerae. The recombination-based in vivo expression technology 
results revealed that the insertion mutant chsR showed a severe colo-
nization defect in infant rabbits36. However, the recombination-based 

in vivo expression technology analysis did not identify chsR as an 
in vivo-induced gene during infection in infant mice37,38. The discrep-
ancy in these results may be attributed to variations in the animal model 
and the timing of sample collection.

Although previous studies showed that ChsR repressed the expres-
sion of chsABC (ref. 18), it remains unclear whether ChsR directly 
represses the expression of these genes or acts via other regulators. We 
showed that ChsR binds to the promoter of chsB directly (Fig. 3c). This 
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Fig. 5 | COS shows potential as a promising drug candidate for both 
therapeutic and preventive interventions against cholera. a, Schematic of 
V. cholera colonization in different infection models. b,c, qRT-PCR expression 
levels of virulence genes (tcpP, toxT, ctxA and tcpA) of WT (b) or ΔchsR (c) in the 
small intestine of adult mice administered 0.5% COS at 24 h postinfection (n = 3). 
d, Evaluation of the colonization ability of WT in the small intestine of adult 
mice administered 0.1–2% COS at the time of bacterial oral challenge at 3 days 
postinfection (n = 7). e,f, Representation (e) and histological score (f) of WT in 

the small intestine of adult mice administered 0.5% COS at 3 days postinfection 
(n = 3). g, Evaluation of the colonizing ability of WT in the small intestine of adult 
mice administered 0.1–2% COS on days 1, 2 and 3 before bacterial challenge at 
3 days postinfection (n = 7). Significance was determined by a two-sided Mann‒
Whitney U test (d,g) or two-tailed unpaired Student’s t-test (b,c,f) and indicated 
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Results are representative of three biological replicate experiments (b–e).
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indicates that when COS is used to reduce the virulence gene expression 
of V. cholerae by inhibiting the interaction between ChsR and the tcpP 
promoter region in vivo, the repression of chsABC expression by ChsR is 
also released. This may benefit the growth of V. cholerae by promoting 
the uptake of (GlcN)2. However, as carbon sources that can be used by 
V. cholerae, such as glucose and fructose, are relatively abundant in the 
small intestine17, it is likely that the slight increase in available carbon 
sources due to the administration of low-concentration COS will not 
influence the growth of V. cholerae in vivo. Indeed, we obtained experi-
mental evidence that the survival of V. cholerae in the intestinal lumen 
of mice administered COS showed no significant changes compared 
with that in normal mice (Fig. 6o). Therefore, we suggest that adminis-
tration of COS reduces the virulence of V. cholerae without influencing 
the growth of bacteria in the small intestine of hosts.

Currently, cholera remains an important human health problem 
worldwide. Recently, for the development of therapeutic strategies 
against cholera, many studies have focused on the identification of 
inhibitors targeting the virulence factors of V. cholerae. In this study, 
we showed that administration of COS could specifically repress the 
ChsR-mediated virulence regulatory pathway of V. cholerae (Extended 
Data Fig. 7) and, thus, results in a significant decrease in bacterial intes-
tinal colonization and disease severity in animal models. This treatment 
targets the virulence of V. cholerae but not bacterial growth, and thus, 
selection for resistant bacteria should be greatly reduced compared 
with that under antibiotic treatment. Compared with most inhibitors 
for V. cholerae virulence that would be expensive to produce, COS is a 
commercially available biopolymer that has been shown to hold essen-
tial value in the pharmaceutical, biomedical and nutraceutical fields33,39. 
It has several advantages in application, such as its widespread use, low 
cost, convenient administration, and ease of storage and transporta-
tion. Therefore, COS has the potential to be used as a supplemental 
cholera therapy in conjunction with oral rehydration and as a preventive 
drug for V. cholerae infection (Extended Data Fig. 7). Furthermore, we 
took on the challenge of designing CNMs by gas shearing. Compared 
with the direct oral administration of COS, CNMs can prevent the degra-
dation of COS in the gastric environment and achieve sustained release 
in the intestine, which could effectively improve COS bioavailability.

Methods
Ethics statement
All animal experiments were performed according to the standards 
set forth by the Guide for the Care and Use of Laboratory Animals. All 
animal studies were conducted according to protocols approved by 
the Institutional Animal Care Committee of Nankai University (Tianjin, 
China) and performed under protocol number IACUC 2016030502.

Bacterial strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are listed in Sup-
plementary Datasets 5 and 6. V. cholerae O1 El Tor strain El2382 was 
provided by Shanghai Municipal Centers for Disease Control and Pre-
vention. E. coli BL21 (DE3) was used for recombinant protein expres-
sion. The E. coli S17/λpir strain was used for conjugation. The bacterial 
strains were grown in LB broth, M9 medium or AKI medium (1.5% Bacto 
Peptone, 0.4% yeast extract, 0.5% NaCl and 0.3% NaHCO3)40. For aero-
bic conditions, bacteria were grown at 37 °C with shaking at 180 rpm 
(ref. 20). For anaerobic conditions, bacteria were grown at 37 °C in an 
anaerobic incubator (YQX-II), and oxygen-free nitrogen was used as 
the carrier gas41. Antibiotics were used at the following concentra-
tions: polymyxin B, 40 μg ml−1; ampicillin, 50 μg ml−1; chloramphenicol, 
25 μg ml−1; and kanamycin, 50 μg ml−1.

Mutant construction and complementation
All primers used in this study are listed in Supplementary Dataset 7. Con-
struction of the mutants was performed using the suicide vector pRE112 
(ref. 42). The pBAD33 vector was used for complementation by cloning 

genes with native promoters. chsR and its promoter region were cloned 
in frame with pBAD33 along with the C-terminal 3×FLAG. chsR, R194Q 
chsR, R194A chsR, fnr and fur were cloned into pET28a for protein puri-
fication. For overexpression, chsR was cloned into the pTrc99A vector. 
R194Q chsR and R194A chsR were synthesized by Azenta Life Sciences.

Growth curve
To determine bacterial growth curves in M9 medium with 0.5% (GlcN)2, 
COS or CNMs, overnight cultures were washed with M9 medium three 
times and diluted to 106 ml−1 in a flask containing 20 ml of M9 medium 
with (GlcN)2, COS or CNMs and incubated at 37 °C with shaking at 
180 rpm. A 100 µl aliquot was removed from the flask and diluted on LB 
agar plates. The growth rate was determined by counting cells hourly. 
Three experiments were performed independently.

RNA isolation and qRT-PCR
To detect gene expression in vivo, samples were collected from the 
small intestine of mice. To analyse virulence gene expression in vitro, 
samples were collected from AKI medium under aerobic conditions or 
from M9 medium with 0.5% GlcN, 0.5% (GlcN)2 or 0.5% COS. To analyse 
the expression of chsR in vitro, samples were incubated in LB medium to 
reach stationary phase. To analyse the expression of chsR in an anaero-
bic environment, samples were collected and incubated under aerobic 
or anaerobic conditions. We isolated total RNA using TRIzol reagent 
(15596026) and measured its concentration using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific). In three independent 
experiments, cDNA was synthesized using the PrimeScript RT Reagent 
Kit with gDNA Eraser (Takara). To conduct qRT-PCR analysis, we used an 
Applied Biosystems ABI 7500 with SYBR green fluorescence dye. The 
rrsA gene was used as a reference control to normalize sample data, 
and relative expression levels were calculated as fold change values 
using the 2−ΔΔCT method. Each experiment was performed in triplicate.

RNA-seq
The small intestines of three mice were collected after colonization by 
the WT and ΔchsR strains. For library preparation, 1 μg of total RNA with 
an RNA integrity number (RIN) value > 8.0 was isolated using TRIzol 
Reagent (Invitrogen). Libraries were constructed and analysed using 
Majorbio. The Benjamini and Hochberg method was used to adjust  
P values to control the false discovery rate when identifying genes with 
a differential expression (|fold change| > 2 and P = 0.05). All sequence 
data have been deposited in the National Center for Biotechnology 
Information Sequence Read Archive (NCBI SRA) database under acces-
sion code PRJNA900711.

Western blotting
The V. cholerae strains were grown overnight and diluted 1:100 in fresh 
AKI medium. After being grown anaerobically for 4 h and reaching an 
optical density of 0.2, the cultures were shaken for 2–2.5 h to reach an 
optical density of 1.0. After collecting, washing and resuspending the 
bacteria in PBS at 4 °C, we sonicated the samples for 15 cycles at 95% 
power for 30 s. A centrifuge was used to remove the debris from the 
cells after centrifuging at 12,000 × g for 10 min at 4 °C. The supernatants 
were quantified using the bovine serum albumin (BSA) method. A 4–12% 
gel was used to separate equal amounts of total protein. Vocation mem-
branes (Bio-Rad) were electroblotted onto PVDF membranes (Bio-Rad) 
after the protein was separated. Blots for RNA polymerase (RNAP) and 
cholera toxin were incubated with anti-RNA polymerase beta (ab191598) 
and anti-beta subunit cholera toxin antibody (ab123129) at a dilution 
of 1:2,000. The blots were further incubated with goat anti-rabbit IgG 
secondary antibody (1:5,000 dilution; EF0002, Shandong Sparkjade 
Biotechnology) tagged with horseradish peroxidase. Detection was 
carried out using a Sparkjade ECL Plus (ED0016, Shandong Sparkjade 
Biotechnology) detection system. Images were acquired using an Amer-
sham Imager 600 system (General Electric).
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EMSA
The 6×His-tagged Fnr, Fur, native ChsR, R194Q ChsR and R194A 
ChsR proteins were expressed and purified in E. coli BL21 (DE3). For 
competition assays, DNA fragments were amplified with or without 
6-FAM-labelled primers and purified using the SPARKeasy Gel DNA 
Extraction Kit (AE0101, Shandong Sparkjade Biotechnology). The puri-
fied DNA probe (5 ng) was incubated at 25 °C for 30 min with 0.4 µM 
6×His-tagged protein in 20 μl solutions prepared in binding buffer 
(5 mM HEPES (pH 7.9), 1 mM dithiothreitol, 0.1 mM ethylenediami-
netetraacetic acid (EDTA), 40 mM KCl and 5% glycerol), and various 
concentrations of unlabelled DNA fragments (0 to 500 ng) were added. 
A native polyacrylamide gel was electrophoretically separated at 4 °C 
and 90 V cm−1, and the labelled fragments were visualized with an 
Amersham Imager 600 (GE Healthcare). For ligand screening studies, 
purified native ChsR, R194Q ChsR and R194A ChsR were incubated in 
binding buffer containing 0–10 mM GlcN, (GlcN)2, GlcNAc or glucose 
at 25 °C for 10 min before incubation with unlabelled DNA fragments. 
The protein bands on the gel were visualized by ultraviolet transillu-
mination after 10 min of staining with 0.1% GelRed.

ChIP and qPCR
Bacteria were grown at 37 °C to mid-exponential phase, and expression 
was induced with l-arabinose. After centrifugation, 1% formaldehyde 
was added and the sample was incubated for 25 min at approximately 
25 °C. The sample was then mixed with 0.5 M glycine. A further 5 min of 
incubation terminated the cross-linking reaction. Cross-linked bacteria 
were collected after 5 min of incubation and were washed three times 
with ice-cold PBS. Re-suspended cross-linked bacteria were incubated 
at 37 °C for 30 min in lysis buffer (10 mM Tris (pH 7.5), 1 mM EDTA, 
100 mM NaCl, 1 mM protease inhibitor cocktail, 1 mg ml−1 lysozyme, 
0.1 mg ml−1 RNase A). Then, immunoprecipitation buffer (100 mM 
Tris–HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, 2% v/v Triton X-100, 
1 mM phenylmethane sulfonyl fluoride) was incubated, and the lysates 
were further sonicated to generate DNA fragments of approximately 
300 bp. After centrifugation at 12,000 × g for 10 min, supernatants were 
incubated with Monoclonal ANTI-FLAG M2 antibody (number F1804; 
Sigma-Aldrich) and protein A magnetic beads (Invitrogen; number 
10002D). DNA samples were subsequently purified using a PCR puri-
fication kit (number 28104; Qiagen). A next-generation sequencing 
library was prepared and sequenced by Novogene after ChsR-ChIP and 
mock–ChIP DNA were collected. All sequence data have been deposited 
in the NCBI SRA database under accession code PRJNA963002.

To determine ChsR-binding peak enrichment, ChIP‒qPCR was 
carried out using an Applied Biosystems ABI 7500. The rpoS gene (non-
specific enrichment) was used as a reference. The relative enrichment 
of candidate targets was calculated as fold enrichment using the for-
mula 2−ΔΔCT. Experiments were independently performed three times.

Dye primer-based DNase I footprinting assay
DNase I footprinting assays were modified from published proce-
dures43. Approximately 300 bp fragments of the PtcpP or PtcpP-mutant were 
generated by PCR with 6-FAM primers. ChsR protein or BSA (negative 
control) protein was added to 40 ng of 6-FAM-labelled tcpP promoter 
in binding buffer (10 mM Tris–HCl (pH 7.5), 0.2 mM dithiothreitol, 5 mM 
MgCl2, 10 mM KCl and 10% glycerol) at concentrations ranging from 
0.8 µM. Then, 0.05 U DNase I (Sigma; AMPD1) was added to the 20 μl 
solution for 10 min at 37 °C. Heat at 85 °C for 10 min in the presence of 
250 mM EDTA stopped the reaction. PCR fragments were purified using 
a QIAquick PCR Purification Kit (Qiagen; number 28104) and eluted in 
15 µl of distilled water. The samples were analysed using MAP Biotech. 
The results were analysed using a peak scanner (Applied Biosystems).

DNA affinity pull-down assay
DNA pull-down assays were performed as previously described44. 
Briefly, the biotin-labelled DNA fragment containing the promoter 

region of chsR was amplified from strain E12382. The biotinylated 
bait DNA was bound to streptavidin-coated Dynabeads (catalogue 
number 11205D; Invitrogen), followed by incubation with crude 
extracts obtained from E12382 WT cells. An elution buffer contain-
ing 500 mM NaCl was used to release bound proteins after extensive 
washing with the nonspecific competitor poly (dI-dC). Proteins were 
separated using SDS‒PAGE and stained with Coomassie brilliant blue. 
After tryptic digestion, proteins were excised from the gel and ana-
lysed using matrix-assisted laser desorption ionization–time-of-flight 
tandem mass spectrometry. Sequence and peptide fingerprint data 
were analysed using the NCBI database. The proteomics data were 
submitted to the iProX (integrated proteome resources) (subproject 
ID: IPX0008142000).

Surface plasmon resonance screening
Analyses of ligand binding and binding kinetics were performed at 
25 °C on a Biacore X100 (BR110073). All experiments were carried out 
with PBS as the running buffer with a constant flow rate of 10 μl min−1 at 
25 °C. ChsR was diluted with 10 mmol l−1 sodium acetate buffer (pH 5.0) 
to a final concentration of 10 μM. A 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide and N-hydroxysuccinimide (EDC–NHS) cross-linking 
reaction was used to immobilize ChsR on the surface of a CM5 Sensor 
Chip. At a flow rate of 10 μl min−1, small molecules were diluted with 
running buffer from 0.75 mM to 12.5 mM and injected into the refer-
ence channel and ChsR channel at the target immobilization level of 
3,600 response units. Both coupling and dissociation times were 120 s. 
Biacore X100 evaluation software was used to fit the affinity curves 
using a steady-state affinity model (1:1). The equilibrium dissociation 
constant (KD) was calculated.

Molecular docking
The Protein Data Bank (PDB) file of ChsR was generated using AlphaFold 
Protein Structure Database (https://www.alphafold.com/search/text/
Q9KSH0_VIBCH). The AutoDock Vina program was used to predict the 
site of binding of ligands to ChsR (ref. 45). First, the protein and ligand 
PDBQT files for docking were generated using AutoDockTools 1.5.6 
(ref. 46). During PDBQT file preparation, polar hydrogen atoms and 
Kollman united atom partial charges were added to the protein atoms. 
Meanwhile, Gasteiger charges were assigned to the ligand molecules. 
ChsR was programmed to remain rigid while the ligand was flexible. 
The size of the box was set to 24 Å. The centre of the box was in the 
catalytic activity centre. Subsequently, the docking conformation with 
the lowest binding energy was selected to analyse the binding mode. 
Discovery Studio visualizer was used to analyse noncovalent interac-
tions between ligands and ChsR. Visualization and analysis of model 
features were performed using Open-Source PyMOL.

Infant mouse colonization assay
The infant mouse intestinal colonization assay was used to evaluate 
the pathogenic capacity of V. cholerae strains. Both sexes of 5-day-old 
CD-1 mice were purchased from Beijing Vital River Laboratory Animal 
Technology and placed in incubators at 30 °C and a relative humidity 
of 50 ± 5%, and housed under specific-pathogen-free conditions with 
a 12 h light–dark cycle. An in vivo competition assay for intestinal colo-
nization was performed as previously described with minor modifica-
tions47. Briefly, both the V. cholerae lacZ + (wild-type) and lacZ − (ΔlacZ) 
strains were cultured overnight at 37 °C with shaking in LB medium. 
Approximately 105 lacZ + cells were mixed with an equal number of 
lacZ − cells, and the mixtures were intragastrically administered to 
groups of eight anaesthetized mice. To determine the recovery of 
bacteria and the output ratios, the small intestine was removed from 
each mouse, weighed, homogenized and plated on LB agar plates con-
taining 5-bromo-4-chloro-3-indoyl-d-galactopyranoside (X-gal). The 
competitive index (CI) was determined as the output ratio of lacZ + to 
lacZ − cells divided by the input ratio of lacZ + to lacZ − cells.
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Adult mouse colonization (attachment) assay
The adult mouse intestinal colonization assay was used to evaluate 
the prophylactic and therapeutic efficacy of COS and CNMs. An adult 
mouse colonization assay was performed as previously described48. 
Six-week-old female specific-pathogen-free BALB/c mice were purchased 
from Beijing Vital River Laboratory Animal Technology and placed in 
incubators at 30 °C and a relative humidity of 50 ± 5% and housed under 
specific-pathogen-free conditions with a 12 h light–dark cycle. The mice 
were orally administered a cocktail of four antibiotics, namely, ampicil-
lin, neomycin, metronidazole and vancomycin (Sigma-Aldrich), via oral 
gavage for 3 days to deplete the gut microbiota (5 mg of each antibiotic 
per mouse per day). When necessary, varying concentrations of COS or 
CNMs were orally administered. Food was removed from cages to empty 
the stomach 20–24 h before inoculation. The mice were first fed 50 μl of 
8.5% (wt/vol) sodium bicarbonate intragastrically, followed immediately 
by 50 μl of the bacterial suspension in PBS containing 109 colony-forming 
unit (CFU) by oral gavage. After inoculation, the mice were provided 
with ad libitum access to aseptic water and food devoid of streptomycin. 
Infected mice were anaesthetized and euthanized by cervical disloca-
tion 3 days after infection. The small intestines were excised from the 
infected animals and subsequently washed three times with PBS. The 
intestinal tissues and/or contents were weighed and homogenized in 
0.5 ml of PBS, after which the homogenates were diluted and plated on 
LB agar. The in vivo attachment efficiency was determined by counting 
the number of CFU per gram of intestine.

Cholera toxin detection
The secretion of cholera toxin was detected via the GM1-ELISA 
method49. The microwell plates were initially coated with GM1 gan-
glioside (MedChemExpress, 37758-47-7) and incubated overnight to 
ensure adequate coating. For the establishment of a standard curve, 
purified cholera toxin subunit B (Absin, 131096-89-4) was used. BSA 
served as a negative control. Small intestines infected with each V. chol-
erae strain were extracted under sterile conditions and homogenized 
to prepare tissue homogenates. Aliquots of these homogenates were 
analysed via the ELISA protocol. Following the ELISA procedure, the 
optical density (OD) at 450 nm of the samples was measured using a 
Spark 10M multimode microplate reader (Tecan).

Immunohistochemistry on cryosections
The small intestines of infected infant and adult mice were collected 
for analysis. The collected samples were fixed in 4% paraformaldehyde, 
washed with PBS, incubated overnight in 30% sucrose at 4 °C, embed-
ded in Tissue-Tek OCT (Sakura, 4583) and stored at −80 °C. Sections 
8 μm thick were cut with a CM 1850 UV cryomicrotome (Leica) and 
placed on a glass slide.

Immunostaining of frozen tissue sections was performed as 
described previously50. Briefly, slides were defrosted at room tem-
perature (RT) for 5 min in a wet chamber. For fixation, the slides were 
immersed in methanol (70%) for 90 s. After fixation, the slides were 
washed (3 × 5 min) with PBS (0.1 M). To reduce nonspecific antibody 
binding, tissues were kept in PBS containing 5% BSA (Solarbio, SW3015) 
for 1 h at RT and then incubated with anti-beta subunit cholera toxin 
antibody (ab62429) diluted in PBS containing 5% BSA at 4 °C overnight. 
The tissue sections were washed with PBS five times and then incubated 
with fluorophore-conjugated secondary antibody, goat anti-mouse FITC 
(ab6785), diluted in PBS containing 5% BSA at RT for 1 h. After washing 
with PBS five times, the cell nuclei were stained with 5% DAPI (Bioss, C02-
04002) at RT for 5 min. Coverslips were then mounted on the slides with 
ProLong anti-fade reagent (Sangon Biotech, E675011). The tissue sections 
were visualized using a Zeiss LSM800 confocal microscope (Carl Zeiss).

Histological analysis
The small intestines of infected adult and infant mice were collected 
for analysis. The small intestines were fixed in 10% neutral buffered 

formalin overnight and embedded in paraffin. Paraffin-embedded sec-
tions were deparaffinized and stained with haematoxylin–eosin. Then, 
the stained sections were blindly scored for inflammation severity. 
The histologic score was calculated based on the intensity of mononu-
clear and polymorphonuclear infiltrates in the neutrophil infiltration 
(0–3), changes in the architecture of the mucosa (0–3), villus height 
(0–3), goblet cell depletion (0–3), integrity of the epithelium (0–3) 
and attached bacteria (0–3). For each parameter, the changes were 
graded according to the following scale: 0, absent; 1, mild; 2, moder-
ate; and 3, intense51.

Preparation of COS nanoparticles and CNMs
Both COS nanoparticles and CNMs were prepared through a cyto-
compatible oil-free gas-shearing method. Solutions and devices were 
sterilized before use. First, the COS aqueous solution (50%) was intro-
duced into the coaxial nozzle device, and then the COS solution was 
broken down into nanoscale droplets under the shear force (7.0 l min−1) 
of nitrogen, which was collected and solidified in a low concentration 
of SA (0.2%). Afterwards, the concentration of SA obtained from the 
previous step was increased from 0.2% to 1% and injected into the 
coaxial nozzle device to prepare uniform droplets under a flow of 
2.0 l min−1, and then the SA droplet was cross-linked with the collect-
ing bath (CaCl2, 2%) to form CNMs. Finally, these microspheres were 
collected and washed three times to remove the residual calcium ions 
on the surface before use.

Characterization of CNMs
COS and SA were labelled with green (Q-W012580, Ruixibio) and red 
fluorescent nanoparticles (Rigor Biotechnology), respectively. The 
optical and fluorescence images of COS nanoparticles and CNMs were 
obtained by fluorescence microscopy (MSHOT MF53-N) and laser scan-
ning confocal microscopy (ELYPA P.1, Zeiss). The diameter of the CNMs 
was measured using ImageJ software. The freeze-dried microspheres 
were observed by SEM (Phenom Pure, Thermo) for surface appearance 
and internal structure.

Degradation test of CNMs
The prepared CNMs were immersed in three different solutions at once, 
including PBS, SGF and SIF (pH = 7). All three groups were incubated at 
37 °C. Finally, we evaluated the integrity of microspheres using CLSM 
at a specified time of 1–21 h.

Analysis of the release of COS from CNMs
The CNMs were immersed in PBS, SGF or SIF (pH 7) for 0–21 h. The 
absorbance of the supernatant from each group was evaluated after 
filtering using an ultraviolet–visible spectrophotometer at 202 nm. 
Each experiment was performed in triplicate.

Bioluminescence imaging
Bioluminescence imaging was performed using an IVIS Spectrum 
(PerkinElmer) imaging scanner coupled to Living Image Software 
(PerkinElmer). Briefly, at different time points, 100 µl of 0.5% fluores-
cent CNMs (the SA of the CNMs was mixed with green fluorescent nano-
particles) was administered orally to each mouse. Before scanning, the 
abdominal cavity of the mice was shaved to allow accurate collection of 
fluorescent signals. Bioluminescence images were acquired after exe-
cution via cervical dislocation and quantified using imaging software.

Glutaraldehyde cross-link assay
A glutaraldehyde cross-link assay was performed based on previously 
published procedures with modifications46. Briefly, the 6×His-tagged 
native ChsR, R194Q ChsR and R194A ChsR proteins were expressed and 
purified in E. coli BL21 (DE3). Glutaraldehyde was then added to 100 μg 
of purified native ChsR, R194Q ChsR or R194A ChsR protein, resulting 
in a final concentration of 0.001% in 20 μl of solution. After 20 min of 
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incubation, the reactions were terminated by adding 5 μl of 5×SDS‒
PAGE protein loading buffer. Equal amounts of total protein (25 μg) 
were separated by SDS‒PAGE using an 8% gel. Images were acquired 
with an Amersham Imager 600 system (GE Healthcare).

Statistical analyses
No statistical methods were used to pre-determine sample sizes, but our 
sample sizes are similar to those reported in previous publications17,52. 
Animals were randomly assigned to control and manipulation groups 
and data collection. Experimenters were unaware of the experimental 
conditions of the mice at the time of testing. Other data collection was 
not randomized, but always done in parallel with controls. There were 
no exclusions of animals or data points reported.

Data were analysed using t-tests, two-way ANOVA or Mann–Whit-
ney U tests as indicated in the specific figure legends. Values with 
P < 0.05, 0.01 or 0.001 were considered statistically significant (*), 
highly significant (**) or extremely significant (***), respectively; NS rep-
resents no significance. Data distribution was assumed to be normal, 
but this was not formally tested. Figures were drawn using GraphPad 7.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Relevant data are given within the Article, Supplementary Data files 
and Source Data files. RNA-seq data have been deposited in the NCBI 
SRA database under accession code PRJNA900711. ChIP-seq data 
have been deposited in the NCBI SRA database under accession code 
PRJNA963002. The proteomics data were submitted to the iProX (inte-
grated proteome resources) (subproject ID: IPX0008142000). Source 
data are provided with this paper.

Code availability
No custom code was used or developed for the analysis of data pre-
sented in this study.
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Extended Data Fig. 1 | chsB did not influence the expression of virulence 
genes in vivo and in vitro. a, b, qRT‒PCR expression levels of virulence genes 
(tcpP, toxT, ctxA and tcpA) in WT and ΔchsB in AKI medium (a) and the mouse 
small intestine (b) (n = 3). Significance was determined by a two-tailed unpaired 

Student’s t test and indicated as the P value. *P < 0.05, **P < 0.01, ***P < 0.001; 
n.s. no significant difference. Data are presented as mean ± s.d. Source data are 
included in the Extended Source Data file.
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Extended Data Fig. 2 | The regulation of tcpP expression by ChsR is not 
influenced by AphA, AphB, OhrR or Fur. a, Analysis of the conserved domain 
structure of ChsR. Color coding: black, full-length ChsR; green, DNA-binding 
domain; orange, ligand-binding domain. The predicted ligand-binding sites are 
highlighted with red text, and the predicted dimerization sites are highlighted 
with blue text. b, Oligomerization state of ChsR. ChsR was treated with 
glutaraldehyde and analyzed by SDS‒PAGE. Results are representative of three 
biological replicate experiments. c, qRT‒PCR expression levels of tcpP in the 
WT, ΔaphA, ΔaphAΔchsR, and ΔaphA-OE-chsR (ΔaphA with a plasmid containing 
chsR with the trc promoter) strains in AKI medium under anaerobic conditions. 
d, qRT‒PCR expression levels of tcpP in the WT, ΔaphB, ΔaphBΔchsR, and ΔaphB-

OE-chsR (ΔaphB with a plasmid containing chsR with the trc promoter) strains in 
AKI medium under anaerobic conditions. e, qRT‒PCR expression levels of tcpP 
in the WT, Δfur, Δfur-OE-chsR, and Δfur-OE-chsR (Δfur with a plasmid containing 
chsR with the trc promoter) strains in AKI medium under anaerobic conditions.  
f, qRT‒PCR expression levels of tcpP in the WT, ΔohrR, ΔohrRΔchsR, and ΔohrR-
OE-chsR (ΔohrR with a plasmid containing chsR with the trc promoter) strains in 
AKI medium under anaerobic conditions (n = 3). Significance was determined by 
a two-tailed unpaired Student’s t test(c-f) and indicated as the P value. *P < 0.05, 
**P < 0.01, ***P < 0.001; n.s. no significant difference. Data are presented as 
mean ± s.d. (c-f). Source data are included in the Extended Source Data file.
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Extended Data Fig. 3 | The ChsR-mediated virulence regulatory pathway  
is induced by a low O2 signal in the small intestine of the host via Fnr.  
a, qRT‒PCR expression level of chsR in the small intestine of mice and LB medium 
(n = 3). b, c, Competitive EMSA of the Fnr to FAM-labeled and unlabeled PchsR(b) 
and kana (c, negative control). d, e, Competitive EMSA of the Fur to FAM-labeled 
and unlabeled PvpsU (d, positive control) and PchsR(e). f, g, qRT‒PCR expression 
levels of chsR in WT, Δfnr and Δfnr+ under anaerobic (f) or aerobic (g) conditions 
in AKI medium (n = 3). h, qRT‒PCR expression levels of chsR in WT, Δfnr and  
Δfnr+ in the mouse small intestine (n = 3). i, qRT‒PCR expression levels of chsR 
in WT and Δfnr under anaerobic or aerobic conditions in AKI medium (n = 3). 
j, qRT‒PCR expression levels of tcpP in the WT, Δfnr, and Δfnr-OE-chsR (Δfnr 

with a plasmid containing chsR with the trc promoter) strains in AKI medium 
under anaerobic conditions (n = 3). k, qRT‒PCR expression levels of tcpP in the 
WT, ΔchsR, and ΔfnrΔchsR strains in AKI medium under anaerobic conditions 
(n = 3). l, qRT‒PCR expression levels of chsR in WT, ΔarcA, ΔohrA, ΔaphB, and 
ΔohrR strains in AKI medium (In Vitro) or mouse small intestine (In Vivo) (n = 3). 
Significance was determined by two-tailed unpaired Student’s t test (a, f-l) and 
indicated as the P value. *P < 0.05, **P < 0.01, ***P < 0.001; n.s. no significant 
difference. Data are presented as mean ± s.d. (f-l). Results are representative 
of three biological replicate experiments (b-e). Source data are included in the 
Extended Source Data file.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Arg194 in ChsR is indispensable for binding to ligands. 
a, b, The influence of GlcNAc and Glc on the binding of purified ChsR protein 
to the promoter region of chsB (a) and tcpP (b). c. Biacore SPR kinetic analyses 
of GlcNAc and Glc to ChsR. Sensorgram and saturation curve of the titration 
of different substrates on ChsR immobilized on a CM5 chip. d. Electrostatic 
properties of ChsR predicted by the AlphaFold Protein Structure Database. Red 
represents a negative charge, and blue represents a positive charge. The binding 
pocket is highlighted with a black circle. e-h, The influence of GlcN, (GlcN)2, 
GlcNAc and Glc on the binding of purified R194Q ChsR(e, f) or R194A(g, h) ChsR 

to the promoter region of chsB(e, g) and tcpP(f, h). i, qRT‒PCR expression levels 
of chsR in WT, ΔchsR + (R194A), ΔchsR + (R194Q) and ΔchsR+ in AKI medium. 
j, Growth curves of WT and ΔchsB in M9 medium containing 0.5% COS as the 
only carbon source. Significance was determined by a two-tailed unpaired 
Student’s t test and indicated as the P value. *P < 0.05, **P < 0.01, ***P < 0.001; 
n.s. no significant difference. Data are presented as mean ± s.d. (i, j). Results are 
representative of three biological replicate experiments (a, b, e-h). Source data 
are included in the Source Data file.
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Extended Data Fig. 5 | COS has no effect on the colonization of ΔchsR in the 
small intestine of mice. a, Evaluation of the colonization ability of WT, ΔchsR, 
ΔtcpA, ΔtcpP and ΔtoxT in the small intestine of antibiotic cocktail (ampicillin, 
neomycin, metronidazole, and vancomycin)-treated adult mice (n = 6).  
b, c, qRT‒PCR expression levels of virulence genes (tcpP, toxT, ctxA and tcpA) of 
ΔchsR + (R194Q) (b) or ΔchsR + (R194A) (c) in the small intestine of adult mice 
administered 0.5% COS after 24 h p.i. (n = 3). d, Evaluation of the colonization 
ability of ΔchsR in the small intestine of adult mice administered 0.5% COS at the 
time of bacterial oral challenge (n = 7). e, f, Representation (e) and histological 

score (f) of ΔchsR in the small intestine of adult mice administered 0.5% COS 
at the time of bacterial oral challenge (n = 3). g, Evaluation of the colonization 
ability of WT, ΔchsR + , ΔchsR + (R194A) and ΔchsR + (R194Q) in the small intestine 
of adult mice with or without administration of 0.5% COS at the time of bacterial 
oral challenge (n = 6). Significance was determined by a two-sided Mann‒
Whitney U test (a, d, e) or two-tailed unpaired Student’s t test (b, c) and indicated 
as the P value. *P < 0.05, **P < 0.01, ***P < 0.001; n.s. no significant difference.  
Data are presented as mean ± s.d. (b, c, g). Source data are included in the Source 
Data file.
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Extended Data Fig. 6 | Controlled generation of microspheres via the 
gas-shearing method at various nitrogen flow rates. a, b, c, Bright-field 
microscopic images of COS NPs@microspheres (CNMs). d, e, f, Quantitative 
analyses of the diameter distribution of CNMs corresponding to a, b, and c. 

One hundred microspheres were measured for each map. g, h, Growth curves 
of WT in LB medium containing 0-2% CNMs (g) or COS (h). Data are presented 
as mean ± s.d. (g, h). Results are representative of three biological replicate 
experiments (a-c). Source data are included in the Source Data file.
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