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Flagellin is essential for initial attachment to mucosal surfaces by 
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ABSTRACT Mucins are glycoproteins which can be found in host cell membranes and 
as a gelatinous surface formed from secreted mucins. Mucosal surfaces in mammals form 
a barrier to invasive microbes, particularly bacteria, but are a point of attachment for 
others. Clostridioides difficile is an anaerobic bacterium, which colonizes the mammalian 
gastrointestinal (GI) tract and is a common cause of acute GI inflammation leading 
to a variety of negative outcomes. Although C. difficile toxicity stems from secreted 
toxins, colonization is a prerequisite for C. difficile disease. While C. difficile is known to 
associate with the mucous layer and underlying epithelium, the mechanisms underlying 
these interactions that facilitate colonization are less well understood. To understand 
the molecular mechanisms by which C. difficile interacts with mucins, we used ex vivo 
mucosal surfaces to test the ability of C. difficile to bind to mucins from different 
mammalian tissues. We found significant differences in C. difficile adhesion based upon 
the source of mucins, with highest levels of binding observed to mucins purified from 
the human colonic adenocarcinoma line LS174T and lowest levels of binding to porcine 
gastric mucin. We also observed defects in adhesion by mutants deficient in flagella 
but not type IV pili. These results imply that interactions between host mucins and C. 
difficile flagella facilitate the initial host attachment of C. difficile to host cells and secreted 
mucus.

IMPORTANCE Clostridioides difficile is one of the leading causes of hospital-acquired 
infections worldwide and presents challenges in treatment due to recurrent gastrointes­
tinal disease after treatment with antimicrobials. The mechanisms by which C. difficile 
colonizes the gut represent a key gap in knowledge, including its association with host 
cells and mucosa. Our results show the importance of flagellin for specific adhesion to 
mucosal hydrogels and can help to explain prior observations of adhesive defects in 
flagellin and pilin mutants.

KEYWORDS C. difficile, host-pathogen interactions, flagella, protein-glycan interactions, 
glycoproteins

C lostridioides difficile [formerly Clostridium difficile; (1)] is an opportunistic, spore-form­
ing pathogen capable of causing gastrointestinal (GI) illness. Disease severity ranges 

from mild, self-limiting diarrhea to life-threatening pseudomembranous colitis or toxic 
megacolon. Recent emergence of hypervirulent clinical isolates with increased antibiotic 
resistance and rates of disease recurrence has led the United States Centers for Disease 
Control and Prevention to classify C. difficile under the “urgent” public health threat level 
(2). Even so, rates of community transmission continue to rise (3).

As an obligate anaerobe, vegetative C. difficile cells are unable to survive the aerobic 
environment outside the host (4). Fecal-oral transmission of dormant spores between 
hosts is, therefore, a key aspect of C. difficile pathogenesis. Following ingestion by the 
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host, C. difficile spores transit the gastrointestinal tract, experiencing no apparent loss 
in viability after exposure to digestive enzymes and low pH (5). Once spores germinate, 
subsequent colonization of the host digestive tract is dependent upon multiple factors, 
including the composition and functionality of the host gut microbiome; depletion of 
the gut microbiota through the use of antimicrobials is one of the primary risk factors for 
C. difficile disease (6).

Competition with the gut microbiome for dietary and host-derived carbohydrates in 
the colon is one mechanism thought to provide protection against Clostridioides difficile 
infection (CDI). It was recently shown that C. difficile is able to cross-feed and catabo­
lize mucin-derived glycans following enzymatic liberation by other gut bacteria (7). By 
controlling access to host-derived nutrients, the abundance of primary and secondary 
mucin-degrading species may modulate C. difficile’s ability to colonize and proliferate. 
Indirectly, microbes can also influence host immunity, production of antimicrobial 
peptides, and mucous production, which collectively provide a barrier to colonization 
by C. difficile (8).

It has been widely demonstrated that adherence to host tissues is a prerequisite 
for colonization and expression of virulence factors for many enteric pathogens. For 
example, adherence to the host mucosa is considered to be essential for infection and 
disease caused by Helicobacter pylori (9) and Campylobacter jejuni (10). An early study 
investigating colonization of hamsters by C. difficile found that a virulent, toxigenic strain 
had greater adherence to the gut mucosa than both a less virulent toxigenic strain and 
a non-toxigenic strain (11). These findings provided preliminary evidence that adherence 
might determine virulence, but a lack of strain diversity limited formation of such broad 
conclusions. Later work by another group compared the adherence of 12 different 
isolates of C. difficile in a murine model of infection, finding that toxigenic strains had 
greater in vivo mucosal adherence than non-toxigenic strains (12).

In addition to receptors on the surface of epithelial cells, the luminally exposed 
protective outer mucous layer and extracellular matrix offer potential receptor binding 
sites for intestinal microbes. Recognizing that mucosal adherence may be a determi­
nant for virulence, Karjalainen and colleagues were interested in identifying a possible 
bacterial adhesin which could mediate attachment (13). A surface protein found to 
be upregulated following heat shock and hypothesized to mediate adherence was 
recombinantly expressed and purified. The 27-kDa hypothetical adhesin adhered to 
Caco-2 and Vero cells, but this interaction was diminished by co-incubation with axenic 
murine mucus or N-acetylgalactosamine, a mucus glycan. This was one of the earliest 
examples of indirect evidence suggesting that C. difficile possesses surface proteins 
which bind mucus or its glycan components. Despite the significance of these findings, 
the relevance of possible C. difficile adherence to mucus during CDI is largely unknown as 
many investigations have focused on adherence to epithelial cells. Studies from the last 
decade have renewed interest in microbe-mucus interactions during CDI.

The mucous layer has unique physical and chemical properties that cause it to 
compress rapidly under desiccating ex vivo conditions such as exposure of excised 
tissue sections to the open air. Additionally, fixation of tissue sections by conventional 
cross-linking agents causes complete mucous layer compression, limiting our under­
standing of its architecture and microbial composition (14). However, tissue fixation with 
Carnoy’s fixative or paraformaldehyde has allowed for better preservation of mucous 
structure (15, 16) and microscopic observation of bacterial species localized to this 
region of the mucosa. C. difficile has also been found to associate with the loose outer 
mucous layer of the cecum and colon in a murine model of infection (17). In contrast to 
work from other groups, Semenyuk and colleagues found no evidence of colonization or 
attachment to epithelial cells, suggesting preferential colonization of the murine mucous 
layer by C. difficile.

Although ethical conflicts prohibit researchers from directly evaluating C. diffi­
cile’s possible association with mucus in the human gut, recent studies have provi­
ded compelling evidence that microbe-mucus interactions, including attachment, are 
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relevant to human CDI. For example, CDI patients were reported to have decreased 
MUC2 mucin expression relative to healthy subjects (18). MUC2 is the most abundant 
mucin glycoprotein in the human colon (14) and contains many receptors important 
for colonization by mucus-associated bacterial species. Altered mucin expression in CDI 
patients could, therefore, plausibly impact the availability of binding sites for C. difficile, 
greatly influencing virulence and disease severity.

In the same study by Engevik and colleagues, C. difficile alone was capable of 
decreasing MUC2 expression in an infection model using human intestinal organoids 
(18). Additionally, using mucus extracted from CDI and healthy patient stools, C. difficile 
was found to preferentially adhere to CDI patient mucus (18). A later study also 
reported preferential in vitro adherence to mucus from mucus-secreting human intestinal 
epithetical cell lines (7). Observed differences in mucin gene expression and relative 
C. difficile adhesion between healthy and infected populations suggest that further 
investigation of microbe-mucus interactions may elucidate novel targets for therapeutic 
development in the treatment of CDI.

Here, we probed the ability of specific mutations to C. difficile surface structures to 
impact adhesion to ex vivo mucosal surfaces derived from both human and porcine 
sources to help elucidate the contribution of C. difficile interactions with host mucins to 
colonization. We observed that C. difficile bound to purified mucins ex vivo, significant 
differences in adhesion were observed between different sources of mucin, and flagella 
were important for mediating initial mucus attachment.

MATERIALS AND METHODS

Bacterial strains and growth conditions

C. difficile strains 630, R20291, R20291 pilA, R20291 fliC, R20291 pilA p84151-pilA, and 
R20291 fliC p84151-fliC were a generous gift from Dr. Glen Armstrong’s laboratory at the 
University of Calgary (19, 20). Based on whole-genome sequencing (Microbial Genome 
Sequencing Center, LLC), this C. difficile R20291 strain is identical to CRG3661, a strain 
obtained from Novartis as described by Monteford et al. (21). CD2015 and CD1015 are 
previously characterized ribotype 027 (CD2015) and ribotype 078 (CD1015) isolates (22, 
23). VPI-10463 is a previously described toxigenic isolate (24), CD37 (ribotype 009) is a 
non-toxigenic clade 1 isolate (25, 26), and CD1014 (ribotype 014) and CD2048 (ribotype 
053) are toxigenic clade 1 isolates (22). C. difficile, regardless of strain, was grown in an 
anaerobic chamber (Coy Laboratory Products) with 5% CO/5% H2/90% N2 atmosphere 
in supplemented Brain Heart Infusion medium (BHIS) using standard methods (27). More 
details on the strains used in this study are available in Table S1.

Partial purification of commercial porcine stomach mucin

Commercial porcine stomach mucin (Sigma #M1778) was partially purified prior to 
use (28, 29). Crude mucin was suspended at approximately 20 mg/mL in 0.1 M NaCl. 
The pH was adjusted to 7.0, and the solution was stirred overnight at 4°C. The follow­
ing day, insoluble residues were pelleted by centrifugation (10,000 × g for 10 min). 
Mucin contained in the supernatant was precipitated in ice cold 60% ethanol (vol/vol), 
then recovered by centrifugation (10,000 × g for 10 min). Dissolving and precipitation 
steps were repeated twice more. The final pellet was resuspended in 0.1 M NaCl 
pH 7.0 and stored at −80°C. Where appropriate, O-linked glycans were removed by 
reductive beta-elimination (30); specifically, partially purified mucins were incubated 
in 0.5 M NaBH4 and 50 mM KOH at 50°C overnight. Following glycan removal, mucin 
proteins were precipitated in 60% (vol/vol) ice cold ethanol, recovered by centrifugation 
(10,000 × g for 10 min), and used to prepare mucin-coated coverslips as described below 
(Preparation of artificial mucosal surfaces).
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Extraction and purification of porcine colonic mucin

Porcine colonic mucin was purified from the digestive tracts of adult pigs obtained 
from the University of Nebraska-Lincoln, Department of Animal Science. Colonic mucosal 
tissue samples were prepared by gentle scraping of the mucosa with glass coverslips. 
Samples were stored at −80°C until further processing. Extraction and purification 
of mucins were performed similar to previously described methods (31, 32). Briefly, 
mucosal tissue samples were suspended in extraction buffer (6 M guanidinium chloride, 
5 mM EDTA, 0.01 M NaH2PO4, 100 mM phenylmethylsulfonyl fluoride [PMSF], pH 6.5), 
homogenized, and then stirred overnight at 4°C. The insoluble fraction containing 
mucins was removed by centrifugation using a JA-20 rotor (18,000 rpm, 10°C, 30 min). 
The resulting pellet was resuspended in extraction buffer, and the process was repeated 
three times, limiting stir durations to 2–3 hours for remaining extractions.

Extracted insoluble mucins were solubilized in reduction buffer (6 M guanidinium 
chloride, 0.1 M Tris, 5 mM EDTA, 25 mM dithiothreitol, pH 8.0) by stirring at 37°C for 
approximately 5 hours. Alkylation was performed by the addition of 62.5 mM iodoace­
tamide (final concentration), and the solution was stirred overnight at room tempera­
ture in the dark. The next day, contaminant proteins were removed by centrifugation 
(10,000 rpm, 4°C, 30 min), and the resulting supernatant containing soluble mucins was 
lyophilized.

Expression, extraction, and purification of mucins from human epithelial cell 
culture lines

LS174T (ATCC CL-188) and HT29-MTX-E12 (Sigma #12040401) were grown in Dulbec­
co’s modified Eagle’s medium (DMEM) with 2.5 mM L-glutamine (Glutamax) and 10% 
fetal bovine serum (FBS) using a semi-wet interface culture method with mechanical 
stimulation as previously described (29). Following passage, 10 µM DAPT (N-[N-(3,5-
difluorophenacetyl)- L-alanyl]-S-phenylglycine t-butyl ester, APExBIO Technology) was 
added to cells cultured in 150 mm tissue culture flasks containing 30 mL DMEM + 
10% FBS + Glutamax and incubated for 3–4 days in a 37°C incubator with 5% CO2 
atmosphere until confluent to induce differentiation of goblet cells. After confluence 
was reached, medium was replaced with 15 mL fresh DMEM and incubated with 
gentle rocking in a 37°C incubator with 5% CO2 atmosphere for three additional 
days. Supernatants containing mucins were collected and incubated with a mixture 
of protease inhibitors (1 mM PMSF, 2 mM iodoacetamide) in 0.05% sodium azide and 
10 mM EDTA at 4°C for 1 hour with shaking. Mucins were precipitated through the 
addition of 200 proof ice cold ethanol to 60% final concentration, followed by centrifuga­
tion at 15,000 × g for 30 min at 4°C. Pellets were washed with 66% ethanol, resuspended 
in filtered, deionized water containing Roche proteinase complete inhibitor, and stored 
at −80°C until lyophilized. Lyophilized mucins were weighed to determine yield and 
stored at −80°C until use.

Preparation of artificial mucosal surfaces

Mucins purified were covalently immobilized on glass coverslips as previously described 
(33, 34). Briefly, coverslips were incubated in 1 M HCl overnight at 60°C, washed in 
sterile deionized water, and then autoclaved. Once dry, coverslips were transferred to 
a 4% solution of (3-aminopropyl)triethoxysilane (Sigma #440140) in acetone for 1 hour, 
washed with acetone (Fisher), and then heat treated at 110°C for 1 hour. Terminal 
aldehydes were formed on the surface by incubating the coverslips in 2.5% aqueous 
glutaraldehyde (vol/vol) (Fisher) for 1 hour, followed by rinsing with water. Finally, 
coverslips were incubated in 1 mg/mL mucin in phosphate buffered saline (PBS; 50 mM 
phosphate, 0.15 M NaCl, 10 mM EDTA, pH 7.2) overnight at 4°C. Coverslips were air 
dried and UV treated for sterility, then stored at −20°C. Successful deposition of mucosal 
hydrogels was verified using atomic force microscopy (AFM); coverslips were imaged 
using a Digital Instruments EnviroScope Atomic Force Microscope with a NanoScope V 
control station.
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Fluorescent labeling of C. difficile

For microscopy experiments, C. difficile cells were fluorescently labeled with CFDA-
SE (5(6)-carboxyfluorescein diacetate succinimidyl ester; STEMCELL Technologies) (33). 
Briefly, mid-exponential phase cultures were washed three times with anaerobic PBS 
by gentle centrifugation (4,500 × g for 6 min). After washing, cells were incubated in 
anaerobic PBS containing 10 mM CFDA-SE at 37°C for 1 hour. Following incubation, 
excess dye was removed by three consecutive washing and centrifugation steps as 
previously performed. Suspensions of labeled cells were added to sterile 6-well cell 
culture plates containing mucin-coated coverslips or clean glass controls and incubated 
at 37°C for 1 hour. Following incubation, unadhered bacteria were removed by washing 
three times with 1× PBS. Imaging of adhered bacteria was performed on an EVOS m5000 
20× green fluorescence objective and through confocal laser scanning microscopy 
(CLSM) using a Nikon A1 Confocal System with an upright Nikon Ni-E fluorescent scope 
and Nikon NIS-Elements using the 488 laser line with a PlanApo 60XA/1.2 WI 0.15-.18 WD 
water immersion lens. Adhered bacteria were quantified using CellProfiler (The Broad 
Institute) (35, 36).

Mucosal adhesion assay

Prepared mucin-coated coverslips were used for evaluating the ability of C. difficile to 
interact with an artificial mucosal surface in vitro. Individual colonies were used to 
inoculate BHIS broth with 0.1% taurocholate (BHIS(TA)), and bacteria were grown to late 
log phase (4–6 hours) at 37°C. Cells were gently centrifuged (4,500 × g for 8 min), then 
resuspended in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.4) at OD600 = 2.0. Suspensions were added to sterile 6-well cell 
culture plates containing mucin-coated coverslips or clean glass controls and incubated 
at 37°C for 1 or 24 hours. Following incubation, unadhered bacteria were removed by 
washing three times with 1× PBS. Adhered bacteria were then removed by incubation 
with 0.25% trypsin-EDTA solution (Gibco) at 37°C for 8–10 min. Trypsin was neutralized 
by the addition of two volumes of BHIS(TA), then recovered bacteria were plated on 
BHIS(TA) agar plates and enumerated after 24–48 hours of incubation at 37°C.

Mucin-binding assay in 96-well plates

In preliminary studies, 1 mg/mL partially purified porcine gastric mucin (PGM) was 
incubated overnight at 4°C in a sterile high-binding 96-well plate (Corning Costar REF# 
3361). Wells containing 1 mg/mL bovine serum albumin (BSA) or buffer alone were 
added as controls for non-specific binding. The next day, wells were washed with buffer 
and an adherence assay involving incubation of bacteria in treated wells, washing 
to remove unadhered bacteria, and enumeration of adhered bacteria was performed 
(similar to the steps described for the mucosal adhesion assay). The relative adherence 
of C. difficile R20291 to wells treated with BSA or buffer alone was greater than to wells 
treated with PGM (Fig. S1).

Swimming motility assay

To assess swimming motility, C. difficile strains R20291, 630 VPI 10463, CD2015, CD1015, 
CD37, CD1014, and CD2048 were cultured overnight in BHIS(TA) broth. Overnight broth 
cultures were used to inoculate 0.5× BHIS with 0.3% agar plates, and measurements were 
recorded either at 48 hours (Fig. 3) or every 24 hours for 72 hours (Fig. S4) (37).

Statistical analyses

All statistical analyses were performed using GraphPad Prism version 9.3.1 for macOS 
(GraphPad Software, San Diego, California, USA). All significance differences are marked 
on the figures with the calculated P-values. Relevant statistical tests used for compari­
sons are discussed in figure captions.
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RESULTS

C. difficile adheres to ex vivo hydrogels

Building upon previous studies measuring ex vivo mucosal adhesion by microorganisms 
(7, 33, 34), we created mucosal hydrogels from mucous samples secreted in cell culture 
and from animal sources, purchased commercially or harvested directly. Purified mucins 
were found to bind well to high-binding well plates (Thermo-Fisher); however, we found 
high levels of non-specific adhesion by C. difficile to the plates themselves, with or 
without blocking by BSA (Fig. S1). Figure 1 shows the process for creation of these ex 
vivo hydrogels on glass coverslips (panel A) as well as validation of mucosal deposition 
by atomic force microscopy (panel B). Specific adhesion was observed in panel C for 
C. difficile labeled with CFDA-SE to coverslips coated with porcine gastric mucin, with 
similar results obtained from confocal laser scanning microscopy and enumeration of 
adhered bacteria through colony formation.

Defects in adhesion are observed for an R20291 fliC mutant but not pilA1 
mutant

To probe the molecular basis for C. difficile-mucin interactions, we tested the binding 
of gene-interruption mutants of the major subunits of flagella (fliC) and the type IV 
pilus (pilA1) (see Fig. 2, panel D). Both flagella and type IV pili have been implicated 
as contributing to host cell adhesion by C. difficile (38, 39) and other bacterial species 
(40–45). In this model of mucin adhesion, we found a pronounced defect after 1 hour for 
the fliC mutant but no defect for the pilA1 mutant, which showed an increase in binding 
similar to that observed by McKee (39). Unlike McKee’s cell culture binding experiments, 
we saw no reversal of the pilA1 defect after 24 hours (panel B), which may be attributable 
to the binding medium (PBS) which does not allow for biofilm formation.

FIG 1 Preparation of ex vivo mucosal hydrogels. (A) Schematic of preparing glass coverslips with mucosal hydrogels. (B) AFM images of glass coverslips before 

(above) and after (below) derivatization with mucins. (C) Representative images from CLSM of C. difficile bacteria, derivatized with CFDA-SE, adhered to coverslips 

as well as quantification by CellProfiler. Significant differences were calculated using ANOVA with corrections for unequal variance.
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To verify that this defect was not specific to porcine gastric mucins, we also measured 
adhesion to hydrogels derived from mucins secreted by HT29-MTX-E12 cells. We found 
that these surfaces showed an identical defect in binding for the fliC mutant. This defect 
is consistent with the binding defect observed for an R20291 fliC mutant by Baban et al. 
(38).

To probe the ability of flagella to act as competitive inhibitors in these assays, we 
sheared surface proteins from R20291 wild type and mutants through vortexing (Fig. S2) 
and expressed and purified C. difficile FliD recombinantly in Escherichia coli. Neither of 
these inhibited binding in the concentrations used (Fig. S3).

Flagellar motility is not a prerequisite for C. difficile mucin adhesion

Because flagella could contribute to attachment to surfaces both through swimming 
motility and direct adhesion, we used a panel of C. difficile strains, both motile and 
non-motile as measured by swimming motility, for their adhesion to ex vivo mucosal 
hydrogels. Figure 3 shows the results of mucin adhesion (panel A) and swimming motility 
(panel B) assays for a panel of eight C. difficile strains, CD1015, VPI 10463, CD2015, 
R20291, CD630, CD37, CD1014, and CD2048. The two 027 ribotype strains (CD2015 and 
R20291) show the highest swimming motility but only moderate adhesion to a PGM 
surface. The three clade 1 strains, CD37 (ribotype 009), CD1014 (ribotype 014), and 
CD2048 (ribotype 053) all show poor adhesion and strong motility. VPI 10463 and CD630 
both show weak motility and adhesion, while CD1015 (078 ribotype) shows the strongest 

FIG 2 Adhesion by pilus and flagellar mutants. (A–C) Adherence of C. difficile R20291 and gene interruption mutants to ex vivo mucosal hydrogels of (A) porcine 

gastric mucin (1 hour), (B) PGM (24 hours) and (C) mucus secreted by HT-29 MTX cells (1 hour). (D) Schematic showing surface appendages of C. difficile R20291 

and mutants. Key: wt, R20291 wild type; fliC-, R20291 fliC gene interruption mutant; fliC­ pfliC, fliC- complemented with a plasmid containing fliC; pilA1-, R20291 

pilA1 gene interruption mutant; pilA1- ppilA, pilA1- complemented with a plasmid containing pilA1. Significant differences are measured from the wild-type strain 

using ANOVA with corrections for unequal variance.
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adhesion but little or no swimming motility. Based on these results, we conclude that 
robust attachment to mucus by C. difficile in this assay is possible even in the complete 
absence of flagellar motility. All swimming results in Fig. 3 are at 48 hours; data at 24 and 
72 hours for selected strains can be found in Fig. S4.

Additionally, the comparison of CD37, a non-toxigenic strain (25, 26), to the other 
two clade 1 strains, CD1014 and CD2048, which are toxigenic, shows no significant 
differences in motility or adhesion to mucus, implying that the production of toxins A 
and B does not, in and of itself, play a role in these processes.

Mucin composition and glycosylation impact C. difficile adherence

Mucus is a hydrogel composed of various mucin glycoproteins forming a heterogenous 
gelatinous matrix. The composition varies depending on both the identity of the mucin 
polypeptides (e.g., MUC1, MUC2, or MUC5AC) and the pattern of glycosylation, which 
is likely to be heterogenous even for the individual mucin proteins. The degree of 
glycosylation of naturally occurring mucins is such that all interactions with mucins are 
typically presumed to occur through the glycans rather than the polypeptide itself (46), 
and both the protein composition and glycosylation pattern vary based on the source of 
the mucus in a species and site-specific manner (47). To probe the specificity of C. difficile 
adhesion for distinct, naturally occurring mucosal compositions, we tested the adhesion 
of C. difficile R20291 to mucosal hydrogels from porcine gastric and colonic mucins as 
well as two human colonic cell culture lines (HT29-MTX-E12 and LS174T). Figure 4 panel 
A shows the results of mucosal adhesion assays performed with and without a reduc­
tion in O-glycosylation through β-elimination. As expected, the removal of O-glycans 
significantly reduced adhesion by C. difficile approximately eightfold. Binding to the PGM 
without O-glycans was still significantly greater than the binding to clean glass (P = 
0.0287); the residual binding observed could be attributed to direct interactions between 
C. difficile and the mucin polypeptides, binding to N-linked glycans. We hypothesize 
instead that the β-elimination was incomplete, with the remaining O-linked glycans 
being capable of binding.

FIG 3 Motility and adhesion of C. difficile strains. (A) Adherence of C. difficile strains to PGM. (B) Swimming motility in 0.2% agar, measured as the diameter of 

the bacterial expansion after 48 hours. Using ANOVA with corrections for unequal variance, all differences between groups were calculated with only significant 

differences shown.
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Comparing adhesion to mucosal hydrogels from different mucous sources (Fig. 4, 
panel B), we observed that C. difficile R20291 adhered to porcine colonic mucins at a 
higher level than porcine gastric mucins (P = 0.0672), consistent with the hypothesis that 
C. difficile is adapted to the colonization of the GI tract and binds colonic mucins with 
higher affinity than the sulfated glycans of gastric mucins (48). We also found greater 
binding to LS174T-derived hydrogels than those derived from HT-27 MTX cell culture. 
This difference could be attributable to higher relative expression of MUC2 in LS174T 
cells (49) as MUC2 has previously been hypothesized to contain receptors for C. difficile 
adhesion (7).

DISCUSSION

Historically, the layers of mucus found in the lungs, GI, and nasopharyngeal tracts have 
been thought of as barriers to colonization by microbes (50). However, recent results 
from this study and others (7) show specific adhesion of a GI pathogen to reconstituted 
host mucosa. One question raised by these results is to what extent the adhesion 
observed by C. difficile (and other GI bacteria) for eukaryotic cells in culture is due to 
adhesion to membrane-bound mucins. Membrane-bound mucins are bound to the cell 
membrane by transmembrane α-helices but can be released in some cases by proteolytic 
cleavage of the C-terminal extracellular domain (51–53).

Figure 5 shows three potential adhesive processes leading to C. difficile colonization; 
adherence to the intestinal lumen mediated by direct binding to mucins, attachment 
to the host epithelium, which could involve membrane-bound mucins or other surface 
receptors and finally, biofilm formation by C. difficile, which increases the number of 
host-adhered cells indirectly through interactions between bacterial cells. The reduction 
in binding for an R20291 fliC mutant to both Caco-2 cells (38) and mucin hydrogels (this 
study) implies that interactions with mucins may contribute to C. difficile attachment to 
both the mucosal surface and the host epithelium under native conditions. The relative 

FIG 4 Effects of mucosal composition on C. difficile adhesion. (A) Adherent bacteria recovered from PGM, with and without β-elimination to remove O-glycans 

and non-derivatized glass coverslips. (B) Adherence by C. difficile R20291 to mucosal hydrogels from various sources. Significant differences between all groups 

were calculated using ANOVA with corrections for unequal variance.
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importance of each site of attachment (i.e., the cell surface and the mucosal surface) 
during infection is unclear, as is the importance of biofilm formation for colonization or 
for persistent infection. The high turnover of intestinal mucus may make it unsuitable 
for long-term colonization, but its adherence to the lumen may be advantageous for an 
obligate anaerobe because oxygen levels are somewhat lower than the epithelial surface 
(54), though biofilm formation may offer some protection against ambient O2.

Because type IV pili promote not only biofilm formation (27, 42, 55–61) but also 
host cell adhesion in a number of bacterial species (41, 45, 62, 63), the lack of an 
adhesion defect in the pilA1 mutant is somewhat counterintuitive, particularly in light 
of the defect seen in cell culture and in a mouse model (39). We hypothesize that the 
promotion of biofilm by C. difficile type IV pili, as shown in Fig. 5, increases association 
with host indirectly as has been observed previously for type IVb pilus systems such 
as the bundle-forming pilus of enteropathogenic E. coli (64, 65). Our group previously 
published the structure of PilA1, which does resemble the major subunits of type IVb pili 
(19), and our group and others have found that the pilA1 mutant strain is less able to 
produce biofilm (27, 55) and less prone to aggregation (56).

In Fig. 5, attachment to host mucins (in the lumen and on the cell surface) is 
depicted as occurring directly through C. difficile flagella, based on the results reported 
here, reports from other groups of flagellar adhesion by C. difficile (66, 67), and known 
interactions between FliC and host mucin glycoproteins in other infectious bacteria (53, 
68). However, we did not find that the use of either recombinant C. difficile FliD or C. 
difficile surface proteins, sheared from the pilA1 or fliC mutants, as competitive inhibitors 
resulted in significant reductions in binding using this model (Fig. S3). An alternative 
hypothesis is that the expression of C. difficile FliC is necessary for the production of 
downstream adhesins which adhere to host glycoproteins. Previous studies have pointed 
to interactions between FliC and FliW, which regulate the activity of the pleiotropic 
regulatory protein, CsrA; deletion of csrA reduces adhesion, although this could be 
mediated by CsrA-mediated regulation of fliC (69).

A related question is to what extent the mechanisms of host adhesion are conserved 
between C. difficile strains. Unlike the defect in binding observed for the R20291 fliC 
mutant for mucins here and for Caco-2 cells previously (38), Dingle et al. observed no 
defect in binding for fliC or fliD mutants of C. difficile 630 to Caco-2 cells (20). The robust 
adhesion observed for CD1015 in this study also calls into question a direct role for 
flagella in adhesion, as CD1015, a ribotype 078 strain, shows no swimming motility. 
CD1015 is missing the f3 flagellar operon, and the extent to which it produces flagellar 
structures is unknown; bacteria which produce FliC but are missing other flagellar genes 
have been shown to produce truncated flagellum-like structures in other species (70, 
71). The clade 5 strains of C. difficile (including ribotype 078) are genetically distinct from 

FIG 5 Model of C. difficile colonization. Schematic representation of association of C. difficile with the host lumen, epithelial cell layer, and biofilm formation 

during infection.
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the other clades (~95% identity) and may, in fact, constitute their own species (22). The 
numerous genetic differences distinguishing clade 5 from clades 1 to 4 may include 
novel adhesins.

Despite the differences in adherence observed previously between toxigenic and 
non-toxigenic strains (11, 12), we also observed no defect in adhesion in this model 
from a non-toxigenic strain when compared to two toxigenic strains from the same 
clade. Greater adhesion from toxigenic strains in general may be expected from parallel 
evolution of toxigenic and non-toxigenic strains, resulting in differing distributions in 
the expression of adhesins between the two groups. Our results suggest that toxin 
production does not directly contribute to adhesion to mucosal surfaces in C. difficile.

Based on previous studies and the results described here, we hypothesize that direct 
interactions between bacterial flagellar subunits and host glycoproteins contribute to 
colonization in a variety of bacterial species. To the extent that interactions with the 
host mucosa could contribute to C. difficile colonization, competition between microbes 
for host mucins as attachment sites and microbial degradation of host mucins as 
nutrient sources are potential factors influencing the competition between C. difficile 
and the commensal microbiome. Future studies of C. difficile adhesion must evaluate 
this hypothesis and others to provide a molecular lens on the point of attachment. 
Ultimately an atomistic description of the processes of attachment by this bacterial 
pathogen will provide opportunities for the development of specific, targeted therapeu­
tic interventions.

ACKNOWLEDGMENTS

We would like to thank Melinda Engevik (Medical University of South Carolina) for 
providing advice, protocols, and cell lines for purification of mucins from human 
epithelial cells, as well as Eric Martens and Sadie Gugel for providing advice and 
protocols for purification of mucins for porcine colonic tissue. We also extend our 
appreciation to Thomas Burkey, Gary Sullivan, Calvin Schrock, and the staff of UNL’s 
Loeffel Meat Laboratory for providing access to porcine colonic tissue from deceased 
animals that were used to purify porcine colonic mucins. We would also like to acknowl­
edge excellent technical support from Joe Zhou and the staff of the UNL microscopy core 
as well as Lanping Yue and the staff of the UNL Surface and Materials Characterization 
Facility.

This work was supported by National Institutes of Health grants K22-AI123467 (to 
K.H.P.), P20-GM113126 (K.H.P. was a young investigator through the Nebraska Cen­
ter for Integrated Biomolecular Communication), National Science Foundation grant 
OIA-2044049 (to J.M.A.) and support (to K.H.P. and J.M.A.) from the University of Nebraska 
and the USDA Multistate Hatch Committee NC1202. Additionally, L.A.R. was supported 
by T32-GM107001.

The authors declare that they have no conflicts of interest with the contents of this 
article. The content is solely the responsibility of the authors and does not necessarily 
represent the official views of the National Institutes of Health or the United States 
Department of Agriculture.

B.S.: Investigation, Formal analysis, Writing - Original Draft. A.L.: Investigation. B.B.: 
Investigation. T.V.T.D.: Investigation. Y.Y.: Investigation. L.A.R.: Validation. H.M.: Method­
ology. J.M.A: Supervision, Funding acquisition, Writing - Review and Editing. K.H.P: 
Supervision, Funding acquisition, Writing - Review and Editing.

AUTHOR AFFILIATIONS

1Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln, 
Nebraska, USA
2Department of Biochemistry, University of Nebraska-Lincoln, Lincoln, Nebraska, USA
3Nebraska Food for Health Center, University of Nebraska-Lincoln, Lincoln, Nebraska, USA
4Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska, USA

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.02120-23 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/s
pe

ct
ru

m
 o

n 
20

 M
ar

ch
 2

02
4 

by
 1

29
.9

3.
16

1.
22

0.

https://doi.org/10.1128/spectrum.02120-23


5Center for Integrated Biomolecular Communication, University of Nebraska-Lincoln, 
Lincoln, Nebraska, USA

AUTHOR ORCIDs

Jennifer M. Auchtung  http://orcid.org/0000-0003-3038-583X
Kurt H. Piepenbrink  http://orcid.org/0000-0002-2527-0301

FUNDING

Funder Grant(s) Author(s)

HHS | NIH | National Institute of Allergy and 
Infectious Diseases (NIAID)

K22-AI123467 Kurt H. Piepenbrink

HHS | NIH | National Institute of General Medical 
Sciences (NIGMS)

P20-GM113126 Kurt H. Piepenbrink

National Science Foundation (NSF) OIA-2044049 Jennifer M. Auchtung

HHS | NIH | National Institute of General Medical 
Sciences (NIGMS)

T32-GM107001 Leslie A. Ronish

AUTHOR CONTRIBUTIONS

Ben Sidner, Data curation, Investigation, Methodology, Writing – original draft | Armando 
Lerma, Investigation, Methodology | Baishakhi Biswas, Investigation, Methodology, 
Validation | Thi Van Thanh Do, Investigation, Writing – review and editing | Yafan Yu, 
Investigation | Leslie A. Ronish, Methodology, Validation | Hugh McCullough, Methodol­
ogy | Jennifer M. Auchtung, Funding acquisition, Methodology, Project administration, 
Supervision, Validation, Writing – review and editing | Kurt H. Piepenbrink, Funding 
acquisition, Project administration, Supervision, Validation, Writing – original draft, 
Writing – review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum02120-23-S0001.pdf). Fig. S1 to S4 and Table S1.

REFERENCES

1. Lawson PA, Citron DM, Tyrrell KL, Finegold SM. 2016. Reclassification of 
Clostridium difficile as Clostridioides difficile (Hall and O'Toole 1935) 
Prevot 1938. Anaerobe 40:95–99. https://doi.org/10.1016/j.anaerobe.
2016.06.008

2. Fatima R, Aziz M. 2019. The hypervirulent strain of Clostridium difficile: 
NAP1/B1/027 - a brief overview. Cureus 11:e3977. https://doi.org/10.
7759/cureus.3977

3. Durovic A, Widmer AF, Tschudin-Sutter S. 2018. New insights into 
transmission of Clostridium difficile infection-narrative review. Clin 
Microbiol Infect 24:483–492. https://doi.org/10.1016/j.cmi.2018.01.027

4. Zhu D, Sorg JA, Sun X. 2018. Clostridioides difficile biology: sporulation, 
germination, and corresponding therapies for C. difficile infection. Front 
Cell Infect Microbiol 8:29. https://doi.org/10.3389/fcimb.2018.00029

5. Escobar-Cortes K, Barra-Carrasco J, Paredes-Sabja D. 2013. Proteases and 
sonication specifically remove the exosporium layer of spores of 
Clostridium difficile strain 630. J Microbiol Methods 93:25–31. https://doi.
org/10.1016/j.mimet.2013.01.016

6. Czepiel J, Drozdz M, Pituch H, Kuijper EJ, Perucki W, Mielimonka A, 
Goldman S, Wultańska D, Garlicki A, Biesiada G. 2019. Clostridium difficile 
infection: review. Eur J Clin Microbiol Infect Dis 38:1211–1221. https://
doi.org/10.1007/s10096-019-03539-6

7. Engevik MA, Engevik AC, Engevik KA, Auchtung JM, Chang-Graham AL, 
Ruan W, Luna RA, Hyser JM, Spinler JK, Versalovic J. 2021. Mucin-
degrading microbes release monosaccharides that chemoattract 

Clostridioides difficile and facilitate colonization of the human intestinal 
mucus layer. ACS Infect Dis 7:1126–1142. https://doi.org/10.1021/
acsinfecdis.0c00634

8. Britton RA, Young VB. 2014. Role of the intestinal microbiota in 
resistance to colonization by Clostridium difficile. Gastroenterol 
146:1547–1553. https://doi.org/10.1053/j.gastro.2014.01.059

9. Testerman TL, McGee DJ, Mobley HLT. 2001. Adherence and coloniza­
tion, In Mobley HLT, GL Mendz, SL Hazell (ed), Helicobacter pylori: 
physiology and genetics. Washington (DC).

10. Konkel ME, Larson CL, Flanagan RC. 2010. Campylobacter jejuni FlpA 
binds fibronectin and is required for maximal host cell adherence. J 
Bacteriol 192:68–76. https://doi.org/10.1128/JB.00969-09

11. Borriello SP, Welch AR, Barclay FE, Davies HA. 1988. Mucosal association 
by Clostridium difficile in the hamster gastrointestinal tract. J Med 
Microbiol 25:191–196. https://doi.org/10.1099/00222615-25-3-191

12. Gomez‐trevino M, Boureau H, Karjalainen T, Bourlioux P. 1996. 
Clostridium difficile adherence to mucus: results of an in vivo and ex vivo 
assay. Microb Ecol Health Dis 9:329–334. https://doi.org/10.3109/
08910609609166474

13. Karjalainen T, Barc MC, Collignon A, Trollé S, Boureau H, Cotte-Laffitte J, 
Bourlioux P. 1994. Cloning of a genetic determinant from Clostridium 
difficile involved in adherence to tissue culture cells and mucus. Infect 
Immun 62:4347–4355. https://doi.org/10.1128/iai.62.10.4347-4355.1994

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.02120-23 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/s
pe

ct
ru

m
 o

n 
20

 M
ar

ch
 2

02
4 

by
 1

29
.9

3.
16

1.
22

0.

https://doi.org/10.1128/spectrum.02120-23
https://doi.org/10.1016/j.anaerobe.2016.06.008
https://doi.org/10.7759/cureus.3977
https://doi.org/10.1016/j.cmi.2018.01.027
https://doi.org/10.3389/fcimb.2018.00029
https://doi.org/10.1016/j.mimet.2013.01.016
https://doi.org/10.1007/s10096-019-03539-6
https://doi.org/10.1021/acsinfecdis.0c00634
https://doi.org/10.1053/j.gastro.2014.01.059
https://doi.org/10.1128/JB.00969-09
https://doi.org/10.1099/00222615-25-3-191
https://doi.org/10.3109/08910609609166474
https://doi.org/10.1128/iai.62.10.4347-4355.1994
https://doi.org/10.1128/spectrum.02120-23


14. Johansson ME, Larsson JMH, Hansson GC. 2011. The two mucus layers of 
colon are organized by the MUC2 mucin, whereas the outer layer is a 
legislator of host-microbial interactions. Proc Natl Acad Sci USA 108 
Suppl 1:4659–4665. https://doi.org/10.1073/pnas.1006451107

15. Hasegawa Y, Mark Welch JL, Rossetti BJ, Borisy GG, Mantis NJ. 2017. 
Preservation of three-dimensional spatial structure in the gut 
microbiome. PLoS One 12:e0188257. https://doi.org/10.1371/journal.
pone.0188257

16. Swidsinski A, Weber J, Loening-Baucke V, Hale LP, Lochs H. 2005. Spatial 
organization and composition of the mucosal flora in patients with 
inflammatory bowel disease. J Clin Microbiol 43:3380–3389. https://doi.
org/10.1128/JCM.43.7.3380-3389.2005

17. Semenyuk EG, Poroyko VA, Johnston PF, Jones SE, Knight KL, Gerding 
DN, Driks A. 2015. Analysis of bacterial communities during Clostridium 
difficile infection in the mouse. Infect Immun 83:4383–4391. https://doi.
org/10.1128/IAI.00145-15

18. Engevik MA, Yacyshyn MB, Engevik KA, Wang J, Darien B, Hassett DJ, 
Yacyshyn BR, Worrell RT. 2015. Human Clostridium difficile infection: 
altered mucus production and composition. Am J Physiol Gastrointest 
Liver Physiol 308:G510–G524. https://doi.org/10.1152/ajpgi.00091.2014

19. Piepenbrink KH, Maldarelli GA, Martinez de la Peña CF, Dingle TC, 
Mulvey GL, Lee A, von Rosenvinge E, Armstrong GD, Donnenberg MS, 
Sundberg EJ. 2015. Structural and evolutionary analyses show unique 
stabilization strategies in the type IV Pili of Clostridium difficile. Struct 
23:385–396. https://doi.org/10.1016/j.str.2014.11.018

20. Dingle TC, Mulvey GL, Armstrong GD. 2011. Mutagenic analysis of the 
Clostridium difficile flagellar proteins, flic and flid, and their contribution 
to virulence in hamsters. Infect Immun 79:4061–4067. https://doi.org/10.
1128/IAI.05305-11

21. Monteford J, Bilverstone TW, Ingle P, Philip S, Kuehne SA, Minton NP. 
2021. What's a SNP between friends: the lineage of Clostridioides difficile 
R20291 can effect research outcomes. Anaerobe 71:102422. https://doi.
org/10.1016/j.anaerobe.2021.102422

22. Collins J, Robinson C, Danhof H, Knetsch CW, van Leeuwen HC, Lawley 
TD, Auchtung JM, Britton RA. 2018. Dietary trehalose enhances virulence 
of epidemic Clostridium difficile. Nat 553:291–294. https://doi.org/10.
1038/nature25178

23. Robinson CD, Auchtung JM, Collins J, Britton RA. 2014. Epidemic 
Clostridium difficile strains demonstrate increased competitive fitness 
compared to nonepidemic isolates. Infect Immun 82:2815–2825. https://
doi.org/10.1128/IAI.01524-14

24. Hammond GA, Johnson JL. 1995. The toxigenic element of Clostridium 
difficile strain VPI 10463. Microb Pathog 19:203–213. https://doi.org/10.
1016/s0882-4010(95)90263-5

25. Brouwer MS, Allan E, Mullany P, Roberts AP. 2012. Draft genome 
sequence of the nontoxigenic Clostridium difficile strain CD37. J Bacteriol 
194:2125–2126. https://doi.org/10.1128/JB.00122-12

26. Zhang K, Zhao S, Wang Y, Zhu X, Shen H, Chen Y, Sun X. 2015. The non-
toxigenic Clostridium difficile CD37 protects mice against infection with a 
BI/NAP1/027 type of C. difficile strain. Anaerobe 36:49–52. https://doi.
org/10.1016/j.anaerobe.2015.09.009

27. Maldarelli GA, Piepenbrink KH, Scott AJ, Freiberg JA, Song Y, Achermann 
Y, Ernst RK, Shirtliff ME, Sundberg EJ, Donnenberg MS. 2016. Type IV pili 
promote early biofilm formation by Clostridium Difficile. Pathog Dis 74. 
https://doi.org/10.4172/2157-7560.1000321

28. Beighton D, Smith K, Glenister DA, Salamon K, Keevil CW. 1988. 
Increased degradative enzyme production by dental plaque bacteria in 
mucin-limited continuous culture. Microb ecol health dis 1:85–94. https:/
/doi.org/10.3109/08910608809140186

29. Gargano AFG, Lammerhofer M, Lonn H, Schoenmakers PJ, Leek T. 2014. 
Mucin-based stationary phases as tool for the characterization of drug-
mucus interaction. J Chromatogr A 1351:70–81. https://doi.org/10.1016/
j.chroma.2014.05.031

30. Wilkinson H, Saldova R. 2020. Current methods for the characterization 
of O-glycans. J Proteome Res 19:3890–3905.

31. Asker N, Baeckstrom D, Axelsson MA, Carlstedt I, Hansson GC. 1995. The 
human MUC2 mucin apoprotein appears to dimerize before O-
glycosylation and shares epitopes with the 'insoluble' mucin of rat small 
intestine. Biochem J 308 ( Pt 3):873–880. https://doi.org/10.1042/
bj3080873

32. Carlstedt I, Lindgren H, Sheehan JK. 1983. The macromolecular structure 
of human cervical-mucus glycoproteins. studies on fragments obtained 
after reduction of disulphide bridges and after subsequent trypsin 
digestion. Biochem J 213:427–435. https://doi.org/10.1042/bj2130427

33. Engevik MA, Danhof HA, Auchtung J, Endres BT, Ruan W, Bassères E, 
Engevik AC, Wu Q, Nicholson M, Luna RA, Garey KW, Crawford SE, Estes 
MK, Lux R, Yacyshyn MB, Yacyshyn B, Savidge T, Britton RA, Versalovic J. 
2021. Fusobacteriumnucleatum adheres to Clostridioides difficile via the 
RadD adhesin to enhance biofilm formation in intestinal mucus. 
Gastroenterol 160:1301–1314. https://doi.org/10.1053/j.gastro.2020.11.
034

34. Landry RM, An D, Hupp JT, Singh PK, Parsek MR. 2006. Mucin-Pseudomo­
nas aeruginosa interactions promote biofilm formation and antibiotic 
resistance. Mol Microbiol 59:142–151. https://doi.org/10.1111/j.1365-
2958.2005.04941.x

35. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, 
Guertin DA, Chang JH, Lindquist RA, Moffat J, Golland P, Sabatini DM. 
2006. Cellprofiler: image analysis software for identifying and quantify­
ing cell phenotypes. Genome Biol 7:R100. https://doi.org/10.1186/gb-
2006-7-10-r100

36. Kamentsky L, Jones TR, Fraser A, Bray MA, Logan DJ, Madden KL, Ljosa V, 
Rueden C, Eliceiri KW, Carpenter AE. 2011. Improved structure, function 
and compatibility for cellprofiler: modular high-throughput image 
analysis software. Bioinf 27:1179–1180. https://doi.org/10.1093/
bioinformatics/btr095

37. Anjuwon-Foster BR, Maldonado-Vazquez N, Tamayo R. 2018. Characteri­
zation of flagellum and toxin phase variation in Clostridioides difficile 
ribotype 012 isolates. J Bacteriol 200:e00056-18. https://doi.org/10.1128/
JB.00056-18

38. Baban ST, Kuehne SA, Barketi-Klai A, Cartman ST, Kelly ML, Hardie KR, 
Kansau I, Collignon A, Minton NP. 2013. The role of flagella in Clostridium 
difficile pathogenesis: comparison between a non-epidemic and an 
epidemic strain. PLoS One 8:e73026. https://doi.org/10.1371/journal.
pone.0073026

39. McKee RW, Aleksanyan N, Garrett EM, Tamayo R. 2018. Type IV pili 
promote Clostridium difficile adherence and persistence in a mouse 
model of infection. Infect Immun 86:e00943-17. https://doi.org/10.1128/
IAI.00943-17

40. Lee KK, Sheth HB, Wong WY, Sherburne R, Paranchych W, Hodges RS, 
Lingwood CA, Krivan H, Irvin RT. 1994. The binding of Pseudomonas 
aeruginosa pili to glycosphingolipids is a tip-associated event involving 
the C-terminal region of the structural pilin subunit. Mol Microbiol 
11:705–713. https://doi.org/10.1111/j.1365-2958.1994.tb00348.x

41. Piepenbrink KH, Lillehoj E, Harding CM, Labonte JW, Zuo X, Rapp CA, 
Munson RS, Goldblum SE, Feldman MF, Gray JJ, Sundberg EJ. 2016. 
Structural diversity in the type IV pili of multidrug-resistant acineto­
bacter. J Biol Chem 291:22924–22935. https://doi.org/10.1074/jbc.M116.
751099

42. Ronish LA, Lillehoj E, Fields JK, Sundberg EJ, Piepenbrink KH. 2019. The 
structure of pila from Acinetobacter baumannii AB5075 suggests a 
mechanism for functional specialization in acinetobacter type IV Pili. J 
Biol Chem 294:218–230. https://doi.org/10.1074/jbc.RA118.005814

43. Friedlander RS, Vlamakis H, Kim P, Khan M, Kolter R, Aizenberg J. 2013. 
Bacterial flagella explore microscale hummocks and hollows to increase 
adhesion. Proc Natl Acad Sci USA 110:5624–5629. https://doi.org/10.
1073/pnas.1219662110

44. Haiko J, Westerlund-Wikström B. 2013. The role of the bacterial flagellum 
in adhesion and virulence. Biol (Basel) 2:1242–1267. https://doi.org/10.
3390/biology2041242

45. Farinha MA, Conway BD, Glasier LM, Ellert NW, Irvin RT, Sherburne R, 
Paranchych W. 1994. Alteration of the pilin adhesin of Pseudomonas 
aeruginosa PAO results in normal pilus biogenesis but a loss of 
adherence to human pneumocyte cells and decreased virulence in mice. 
Infect Immun 62:4118–4123. https://doi.org/10.1128/iai.62.10.4118-
4123.1994

46. McGuckin MA, Linden SK, Sutton P, Florin TH. 2011. Mucin dynamics and 
enteric pathogens. Nat Rev Microbiol 9:265–278. https://doi.org/10.
1038/nrmicro2538

47. Tran DT, Ten Hagen KG. 2013. Mucin-type O-glycosylation during 
development. J Biol Chem 288:6921–6929. https://doi.org/10.1074/jbc.
R112.418558

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.02120-23 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/s
pe

ct
ru

m
 o

n 
20

 M
ar

ch
 2

02
4 

by
 1

29
.9

3.
16

1.
22

0.

https://doi.org/10.1073/pnas.1006451107
https://doi.org/10.1371/journal.pone.0188257
https://doi.org/10.1128/JCM.43.7.3380-3389.2005
https://doi.org/10.1128/IAI.00145-15
https://doi.org/10.1152/ajpgi.00091.2014
https://doi.org/10.1016/j.str.2014.11.018
https://doi.org/10.1128/IAI.05305-11
https://doi.org/10.1016/j.anaerobe.2021.102422
https://doi.org/10.1038/nature25178
https://doi.org/10.1128/IAI.01524-14
https://doi.org/10.1016/s0882-4010(95)90263-5
https://doi.org/10.1128/JB.00122-12
https://doi.org/10.1016/j.anaerobe.2015.09.009
https://doi.org/10.4172/2157-7560.1000321
https://doi.org/10.3109/08910608809140186
https://doi.org/10.1016/j.chroma.2014.05.031
https://doi.org/10.1042/bj3080873
https://doi.org/10.1042/bj2130427
https://doi.org/10.1053/j.gastro.2020.11.034
https://doi.org/10.1111/j.1365-2958.2005.04941.x
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1093/bioinformatics/btr095
https://doi.org/10.1128/JB.00056-18
https://doi.org/10.1371/journal.pone.0073026
https://doi.org/10.1128/IAI.00943-17
https://doi.org/10.1111/j.1365-2958.1994.tb00348.x
https://doi.org/10.1074/jbc.M116.751099
https://doi.org/10.1074/jbc.RA118.005814
https://doi.org/10.1073/pnas.1219662110
https://doi.org/10.3390/biology2041242
https://doi.org/10.1128/iai.62.10.4118-4123.1994
https://doi.org/10.1038/nrmicro2538
https://doi.org/10.1074/jbc.R112.418558
https://doi.org/10.1128/spectrum.02120-23


48. Ringot-Destrez B, D’Alessandro Z, Lacroix JM, Mercier-Bonin M, Leonard 
R, Robbe-Masselot C. 2018. A sensitive and rapid method to determin 
the adhesion capacity of probiotics and pathogenic microorganisms to 
human gastrointestinal mucins. Microorganisms 6:49. https://doi.org/10.
3390/microorganisms6020049

49. Bu XD, Li N, Tian XQ, Huang PL. 2011. Caco-2 and LS174t cell lines 
provide different models for studying mucin expression in colon cancer. 
Tissue Cell 43:201–206. https://doi.org/10.1016/j.tice.2011.03.002

50. Mall AS. 2008. Analysis of mucins: role in laboratory diagnosis. J Clin 
Pathol 61:1018–1024. https://doi.org/10.1136/jcp.2008.058057

51. Levitin F, Stern O, Weiss M, Gil-Henn C, Ziv R, Prokocimer Z, Smorodinsky 
NI, Rubinstein DB, Wreschner DH. 2005. The MUC1 SEA module is a self-
cleaving domain. J Biol Chem 280:33374–33386. https://doi.org/10.
1074/jbc.M506047200

52. Lillehoj EP, Hyun SW, Liu A, Guang W, Verceles AC, Luzina IG, Atamas SP, 
Kim KC, Goldblum SE. 2015. NEU1 sialidase regulates membrane-
tethered mucin (MUC1) ectodomain adhesiveness for Pseudomonas 
aeruginosa and decoy receptor release. J Biol Chem 290:18316–18331. 
https://doi.org/10.1074/jbc.M115.657114

53. Verceles AC, Bhat P, Nagaria Z, Martin D, Patel H, Ntem-Mensah A, Hyun 
SW, Hahn A, Jeudy J, Cross AS, Lillehoj EP, Goldblum SE. 2021. MUC1 
ectodomain is a flagellin-targeting decoy receptor and biomarker 
operative during Pseudomonas aeruginosa lung infection. Sci Rep 
11:22725. https://doi.org/10.1038/s41598-021-02242-x

54. Allaire JM, Crowley SM, Law HT, Chang SY, Ko HJ, Vallance BA. 2018. The 
intestinal epithelium central coordinator of mucosal immunity. Trends 
Immunol 39:677–696. https://doi.org/10.1016/j.it.2018.04.002

55. Ronish LA, Sidner B, Yu Y, Piepenbrink KH. 2022. Recognition of 
extracellular DNA by type IV pili promotes biofilm formation by 
Clostridioides difficile. J Biol Chem 298:102449. https://doi.org/10.1016/j.
jbc.2022.102449

56. Purcell EB, McKee RW, Bordeleau E, Burrus V, Tamayo R. 2016. Regulation 
of type IV pili contributes to surface behaviors of historical and epidemic 
strains of Clostridium difficile. J Bacteriol 198:565–577. https://doi.org/10.
1128/JB.00816-15

57. Purcell EB, McKee RW, McBride SM, Waters CM, Tamayo R. 2012. Cyclic 
diguanylate inversely regulates motility and aggregation in Clostridium 
difficile. J Bacteriol 194:3307–3316. https://doi.org/10.1128/JB.00100-12

58. Jurcisek JA, Bakaletz LO. 2007. Biofilms formed by nontypeable 
haemophilus influenzae in vivo contain both double-stranded DNA and 
type IV pilin protein. J Bacteriol 189:3868–3875. https://doi.org/10.1128/
JB.01935-06

59. Barken KB, Pamp SJ, Yang L, Gjermansen M, Bertrand JJ, Klausen M, 
Givskov M, Whitchurch CB, Engel JN, Tolker-Nielsen T. 2008. Roles of type 
IV pili, flagellum-mediated motility and extracellular DNA in the 
formation of mature multicellular structures in Pseudomonas aeruginosa 
biofilms. Environ Microbiol 10:2331–2343. https://doi.org/10.1111/j.
1462-2920.2008.01658.x

60. Das J, Mokrzan E, Lakhani V, Rosas L, Jurcisek JA, Ray WC, Bakaletz LO, 
Parsek MR. 2017. Extracellular DNA and type IV pilus expression regulate 
the structure and kinetics of biofilm formation by nontypeable. mBio 
8:e01466-17. https://doi.org/10.1128/mBio.01466-17

61. Dawson LF, Peltier J, Hall CL, Harrison MA, Derakhshan M, Shaw HA, 
Fairweather NF, Wren BW. 2021. Extracellular DNA, cell surface proteins 
and c-di-GMP promote biofilm formation in Clostridioides difficile. Sci 
Rep 11:3244. https://doi.org/10.1038/s41598-020-78437-5

62. Okahashi N, Nakata M, Sakurai A, Terao Y, Hoshino T, Yamaguchi M, 
Isoda R, Sumitomo T, Nakano K, Kawabata S, Ooshima T. 2010. Pili of oral 
Streptococcus sanguinis bind to fibronectin and contribute to cell 
adhesion. Biochem Biophys Res Commun 391:1192–1196. https://doi.
org/10.1016/j.bbrc.2009.12.029

63. Parker D, Kennan RM, Myers GS, Paulsen IT, Songer JG, Rood JI. 2006. 
Regulation of type IV fimbrial biogenesis in Dichelobacter nodosus. J 
Bacteriol 188:4801–4811. https://doi.org/10.1128/JB.00255-06

64. Anantha RP, Stone KD, Donnenberg MS. 2000. Effects of bfp mutations 
on biogenesis of functional enteropathogenic Escherichia coli type IV 
pili. J Bacteriol 182:2498–2506. https://doi.org/10.1128/JB.182.9.2498-
2506.2000

65. Saldaña Z, Erdem AL, Schuller S, Okeke IN, Lucas M, Sivananthan A, 
Phillips AD, Kaper JB, Puente JL, Giron JA. 2009. The Escherichia coli 
common pilus and the bundle-forming pilus act in concert during the 
formation of localized adherence by enteropathogenic E. J Bacteriol 
191:3451–3461. https://doi.org/10.1128/JB.01539-08

66. Tasteyre A, Barc MC, Collignon A, Boureau H, Karjalainen T. 2001. Role of 
FliC and FliD flagellar proteins of Clostridium difficile in adherence and 
gut colonization. Infect Immun 69:7937–7940. https://doi.org/10.1128/
IAI.69.12.7937-7940.2001

67. Stevenson E, Minton NP, Kuehne SA. 2015. The role of flagella in 
Clostridium difficile pathogenicity. Trends Microbiol 23:275–282. https://
doi.org/10.1016/j.tim.2015.01.004

68. Lillehoj EP, Kim BT, Kim KC. 2002. Identification of Pseudomonas 
aeruginosa flagellin as an adhesin for MUC1 Mucin. Am J Physiol Lung C 
282:L751–L756. https://doi.org/10.1152/ajplung.00383.2001

69. Zhu D, Wang S, Sun X. 2021. Fliw and CSRA govern flagellin (FliC) 
synthesis and play pleiotropic roles in virulence and physiology of 
Clostridioides difficile R20291. Front Microbiol 12:735616. https://doi.org/
10.3389/fmicb.2021.735616

70. Kim JS, Chang JH, Chung SI, Yum JS. 1999. Molecular cloning and 
characterization of the helicobacter pylori fliD gene, an essential factor 
in flagellar structure and motility. J Bacteriol 181:6969–6976. https://doi.
org/10.1128/JB.181.22.6969-6976.1999

71. Prouty MG, Correa NE, Klose KE. 2001. The novel sigma54- and sigma28-
dependent flagellar gene transcription hierarchy of Vibrio cholerae. Mol 
Microbiol 39:1595–1609. https://doi.org/10.1046/j.1365-2958.2001.
02348.x

Research Article Microbiology Spectrum

November/December 2023  Volume 11  Issue 6 10.1128/spectrum.02120-23 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/s
pe

ct
ru

m
 o

n 
20

 M
ar

ch
 2

02
4 

by
 1

29
.9

3.
16

1.
22

0.

https://doi.org/10.3390/microorganisms6020049
https://doi.org/10.1016/j.tice.2011.03.002
https://doi.org/10.1136/jcp.2008.058057
https://doi.org/10.1074/jbc.M506047200
https://doi.org/10.1074/jbc.M115.657114
https://doi.org/10.1038/s41598-021-02242-x
https://doi.org/10.1016/j.it.2018.04.002
https://doi.org/10.1016/j.jbc.2022.102449
https://doi.org/10.1128/JB.00816-15
https://doi.org/10.1128/JB.00100-12
https://doi.org/10.1128/JB.01935-06
https://doi.org/10.1111/j.1462-2920.2008.01658.x
https://doi.org/10.1128/mBio.01466-17
https://doi.org/10.1038/s41598-020-78437-5
https://doi.org/10.1016/j.bbrc.2009.12.029
https://doi.org/10.1128/JB.00255-06
https://doi.org/10.1128/JB.182.9.2498-2506.2000
https://doi.org/10.1128/JB.01539-08
https://doi.org/10.1128/IAI.69.12.7937-7940.2001
https://doi.org/10.1016/j.tim.2015.01.004
https://doi.org/10.1152/ajplung.00383.2001
https://doi.org/10.3389/fmicb.2021.735616
https://doi.org/10.1128/JB.181.22.6969-6976.1999
https://doi.org/10.1046/j.1365-2958.2001.02348.x
https://doi.org/10.1128/spectrum.02120-23

	Flagellin is essential for initial attachment to mucosal surfaces by Clostridioides difficile
	MATERIALS AND METHODS
	Bacterial strains and growth conditions
	Partial purification of commercial porcine stomach mucin
	Extraction and purification of porcine colonic mucin
	Expression, extraction, and purification of mucins from human epithelial cell culture lines
	Preparation of artificial mucosal surfaces
	Fluorescent labeling of C. difficile
	Mucosal adhesion assay
	Mucin-binding assay in 96-well plates
	Swimming motility assay
	Statistical analyses

	RESULTS
	C. difficile adheres to ex vivo hydrogels
	Defects in adhesion are observed for an R20291 fliC mutant but not pilA1 mutant
	Flagellar motility is not a prerequisite for C. difficile mucin adhesion
	Mucin composition and glycosylation impact C. difficile adherence

	DISCUSSION


