
1 

 

The influence of mucin glycans on microbial 

virulence and competition 
 

By 

Kelsey M. Wheeler 

B.A. Biological Science / B.S. Geophysical Science 

The University of Chicago, 2014 

 

Submitted to the Microbiology Graduate Program in partial fulfillment of the requirements for 

the Degree of Philosophy at the Massachusetts Institute of Technology 

 

February 2021 

© 2021 Massachusetts Institute of Technology. All Rights Reserved. 

 

The author hereby grants to MIT permission to reproduce and to distribute publicly paper and 

electronic copies of this thesis document in whole or in part in any medium now known or 

hereafter created. 

 

Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Kelsey M. Wheeler 

Microbiology Graduate Program 

November 9, 2020 

  

Certified By. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Katharina Ribbeck 

Associate Professor of Biological Engineering 

Thesis Supervisor 

 

Accepted By. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Jacquin C. Niles 

Professor of Biological Engineering 

Chair of Microbiology Program 



2 

 

The influence of mucin glycans on microbial 

virulence and competition 

 

By  

Kelsey M. Wheeler 
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the degree of Doctor of Philosophy at the Massachusetts Institute of Technology 

Abstract 

The human body is colonized by trillions of microbes, many of which reside in a layer of mucus 

that covers all wet epithelia in the body. In this way, mucus serves as the first line of defense to 

the host, simultaneously protecting against pathogens while providing a habitat where commensal 

microbes thrive. It has long been known that defects in mucus production or biochemistry are 

associated with opportunistic infections; however, few studies have focused on how components 

of the intact mucus barrier interact with resident microbes to promote health. In this thesis, I fill 

this gap using a clinically relevant 3-dimensional model of the mucus environment based on mucin 

glycoproteins, the major structural component of mucus. This in vitro culturing system mimics the 

natural mucus environment, where mucin polymer domains interact and entangle into a flexible 

hydrogel, as opposed to 2-dimensional surface coatings, which can create artificially concentrated 

amounts of surface mucins. I apply this system to answer three major conceptual questions, 

separated into three projects. In the first project, I study the ability of mucin and their attached 

glycans to regulate interactions between a clinically-important opportunistic pathogen, 

Pseudomonas aeruginosa, and its host. I then investigate the underlying genetic mechanisms that 

enable P. aeruginosa to sense and respond to the mucus environment, and explore how mucin 

glycan-sensing in turn impacts microbe-microbe interactions in the mucosal niche. I end by 

investigating how mucin glycan-mediated microbial regulation modulates the composition of 

complex microbial communities isolated from the human oral cavity. Collectively, the work 

presented in this thesis lays the framework for characterizing the therapeutic nature of mucin and 

how specific mucin glycan moieties modulate the behavior, pathogenicity, and competitive 

interactions of host-associated microbes. 
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Chapter 1: Introduction  

Text from this chapter has been adapted from: Wagner CE*, Wheeler KM*, Ribbeck K. Mucins and 

Their Role in Shaping the Functions of Mucus Barriers. Annu Rev Cell Dev Biol. 34.1 (2018):189-215. 

doi: 10.1146/annurev-cellbio-100617-062818. 

Structure and biochemistry of the mucus layer 

Mucus is a biological hydrogel that coats every wet epithelial surface of the body including the 

eyes, lungs, and stomach (Figure 1.1; adapted from Frenkel & Ribbeck (2015a)). Mucus serves as 

a lubricant to protect host tissues against shear-induced damage from mechanical forces associated 

with processes such as digestion and blinking (Argüeso & Gipson 2001; Nordgård & Draget 2015; 

Sellers et al. 1988), and also acts as a selective physicochemical barrier by excluding foreign or 

harmful molecules while permitting the passage of desirable agents such as nutrients (Bansil & 

Turner 2006; Linden et al. 2008).  

The primary structural components of mucus are mucin glycoproteins (Figure 1.2). To date 21 

mucin-type glycoproteins, belonging to the MUC gene family, have been identified in the human 

body and are recognized by the Human Genome Organization (HUGO) gene nomenclature 

committee (http://www.genenames.org). The protein backbone of the mucin molecule is 

composed of a variable number of tandem repeats (VNTR) rich in proline, threonine, and/or serine 

(PTS domains), as well as cysteine-rich regions at the amino terminal, carboxy terminal, and 

interspersed between the PTS domains (Bansil & Turner 2006; Dekker et al. 2002). These PTS 

domains are modified with dense O-linked glycosylation and structurally resemble bottle brushes, 

with branched oligosaccharide chains (i.e., glycans) arranged radially from the protein core (Bansil 

& Turner 2006). Approximately 80% of the mass of these molecules is derived from 

carbohydrates, with the protein backbone making up the remaining 20% (Bansil & Turner 2006). 

Attempts to catalogue the diversity of mucin glycans have identified hundreds of distinct 

structures, representing a wealth of biochemical information in a minimum of space. Mucin-

attached glycans provide the immense water-holding capacity and offer myriad interactions sites 

for particles, immune cells and molecules, and microbes. 

Within the mucin family, there are two distinct sub-groups: 1) secreted mucins and 2) tethered, 

cell surfaced associated mucins. Within the secreted mucins, there exist five oligomeric, gel-
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forming mucins (MUC2, MUC5AC, MUC5B, MUC6, and MUC19) (Thornton et al. 2008), as 

well as two non-polymeric glycoproteins (MUC7 and MUC8) (Thornton et al. 2008). The gel-

forming mucins (Figure 1.2a) reside outside the epithelial cell layer (Hattrup & Gendler 2008), 

and the individual mucin subunits polymerize via end-to-end disulfide bonds to form even larger 

macromonomer chains which are arranged in a linear fashion (Kesimer et al. 2010; Taylor et al. 

2005), although some studies have suggested the possibility of branched, trimer structures for 

specific mucins (Ambort et al. 2012; Godl et al. 2002; Nilsson et al. 2014). By contrast, the 11 

tethered mucins (MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC15, MUC16, 

MUC17, MUC20, MUC21) have short cytoplasmic domains that reside inside of the cell, as well 

as extensive extracellular domains (Hattrup & Gendler 2008) (Figure 1.2b). The three remaining 

mucins are oviductal glycoprotein 1 (OVGP1, previously known as MUC9), endomucin (EMCN, 

also known as MUC14), and MUC22. Mucins are generated in and secreted from specialized cells 

in the surface epithelium known as goblet cells and mucous cells in submucosal glands (Hattrup 

& Gendler 2008; Thornton et al. 2008).  

In this thesis, I focus on the secreted gel-forming mucins that form the mucosal niche encasing and 

interacting most directly with microbial cells. In aqueous solution, these high molecular weight 

mucin molecules form a network mediated by a complex series of reversible physical bonds 

including hydrophobic interactions and chain entanglements, and stabilized by electrostatic 

repulsion between the negatively charged oligosaccharide side chains (Schipper et al. 2007). 

Mucin molecule configuration and network interaction strength are sensitive to variations in pH 

as well as concentration of ions and small molecules across the organ systems (Figure 1.1) (Wagner 

et al. 2017). Consequently, mucus layers possess different mechanical and biochemical properties 

depending on their location and intended physiological function. For instance, the eyes have a thin, 

watery mucin solution on the surface for hydration and lubrication (Argüeso & Gipson 2001). By 

contrast, the stationary mucus lining the stomach is a stiffer mucin gel that protects the epithelial 

lining against acidic gastric juices (pH≈1-2) (Celli et al. 2007). Altered mechanical and 

biochemical properties of mucus can also indicate disease or pathological manipulation, such as 

the increased bacterial load and thick mucus associated with cystic fibrosis (Lai et al. 2009).  

Mucus-microbe interactions in health and disease 

The mucus barrier is one of the first lines of defense to the wet epithelial linings across the human 
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body. The secreted mucus layers accommodate trillions of microbes within the human microbiota, 

while simultaneously preventing mechanical and chemical damage from the external environment 

and protecting against infection by potentially harmful microbes. As such, alterations to the 

mucosal layer can result in serious pathologies and susceptibility to opportunistic infection. For 

example, the diseased mucus in the cystic fibrosis lung does not provide the same protection 

against microbes such as Pseudomonas aeruginosa (Singh et al. 2000).  

A growing body of evidence suggests that healthy intact mucins are, at least in part, responsible 

for the ability of mucus to prevent virulence of opportunistic microbes. Mucin expression is often 

differentially regulated in response to infection. For example, middle ear epithelia overexpress the 

genes encoding the gel-forming mucins MUC2, MUC5AC, and MUC5B in response to three 

bacteria associated with otitis media, Streptococcus pneumoniae, Haemophilus influenza, and 

Moraxella catarrhalis (Kerschner et al. 2014). Similarly, infection of the lung is generally 

associated with mucin overproduction. Specifically, the expression of MUC2 and MUC5AC is 

induced in cells exposed to wide variety of Gram-negative and Gram-positive bacteria including 

P. aeruginosa and Staphylococcus aureus (Dohrman et al. 1998; Li et al. 1997; McNamara et al. 

2001), suggesting that mucin secretion may be a host defense response to infection. 

Mucins have also been demonstrated to be directly involved in preventing pathogenicity in the 

respiratory tract and gastric niche. The lower airways of the healthy lung have traditionally been 

viewed as effectively sterile, owing to the efficiency of the mucus barrier at trapping and removing 

particulates and pathogens by mucociliary clearance. The structurally related mucin glycoproteins 

MUC5AC and MUC5B are the principal gel-forming macromolecules in airway mucus (Thornton 

et al. 2008) and play an important role in controlling the pathogenicity of opportunistic microbes. 

MUC5B is required for mucociliary clearance, controlling respiratory infections, and maintaining 

immune homeostasis in mice (Roy et al. 2014). Muc5b knockout mice had an accumulation of and 

chronic infection by multiple bacterial species that are normally absent in MUC5B-rich mucus, 

including the pneumonia-causing pathogen S. aureus. In the epithelial lining of the stomach, 

secreted MUC5AC and surface-attached MUC1 similarly protect against microbes like 

Helicobacter pylori, which can bind to these mucins via fucosylated and sialylated glycans 

(Mahdavi et al. 2002). In the rhesus monkey, mucins that efficiently bind H. pylori can aid in the 

removal of bacteria from the gastric niche (Lindén et al. 2008). MUC1 limits the density of H. 

pylori in mice and also limits adhesion to the cell surface in humans (Lindén et al. 2009). MUC1 
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can also protect the epithelium by acting as a physical barrier to other non-MUC1 binding bacteria 

(Lindén et al. 2009), further illustrating the capability of this polymer to protect the host from a 

broad range of bacteria.  

In vitro studies using purified mucins have begun to elucidate the specific role of mucins in directly 

suppressing microbial virulence. The key innovation of the following selected in vitro experiments 

is the native purification of mucins and their presentation as a three dimensional network, which 

allows for the study of both direct mucin-microbe interactions and the consequences of the 

physicochemical properties of the surrounding matrix on the inhabiting cells. For example, the 

purified mucin MUC5B isolated from human saliva has been shown to protect surfaces from 

biofilm formation by the pathogen Streptococcus mutans (Frenkel & Ribbeck 2015b), which is 

one of the causative agents of the disease dental caries. While MUC5AC was not found to be 

essential for mucociliary clearance (Roy et al. 2014), in vitro studies with natively purified mucins 

have implicated this polymer in suppressing P. aeruginosa biofilm formation by promoting a more 

disperse planktonic lifestyle (Caldara et al. 2012). Since bacterial growth was not inhibited in 

either of these studies, mucin-mediated defense against microbes likely results from modulation 

of pathogen behavior rather than direct antimicrobial interactions.  

Notably, the protective capacity of mucins extends beyond bacterial pathogens. Candida albicans 

is an important opportunistic fungal pathogen that is typically part of the healthy microbiota, but 

can cause infections like oral thrush and vaginitis. C. albicans pathogenicity is associated with 

virulence traits including surface adhesion, biofilm formation, filamentation, and the production 

of secreted proteases. The secreted gel-forming mucins MUC5AC, MUC5B, and MUC2 were all 

found to suppress filamentation, and MUC5AC was able to suppress expression of virulence-

associated genes and prevent C. albicans from forming biofilms on synthetic surfaces and human 

epithelial cells (Kavanaugh et al. 2014). This ability to manipulate C. albicans physiology 

implicates mucins as key host signals for retaining C. albicans and other microbial pathogens in a 

host-compatible state.  

These in vitro systems with purified mucins can also be used to study how mucosal environments 

influence multi-species interactions to support stable microbial communities. In the oral cavity, 

for example, saliva protects the underlying mucosa and structures an oral microbial community 

comprised of more than 500 microbial species including the dental pathogen S. mutans (Kroes et 
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al. 1999), which is often considered to be antagonistic to other bacterial species in co-culture 

because it generates large amounts of lactic acid. While S. mutans will generally outcompete the 

commensal bacteria Streptococcus sanguinis in standard growth media, a recent study has 

demonstrated that solutions containing the native salivary mucin MUC5B can support prolonged 

coexistence of these two bacteria (Frenkel & Ribbeck 2017). This result suggests that mucins may 

play a specific role in suppressing interspecific competition and promoting stable assembly of 

multispecies communities. Collectively, these studies indicate that healthy mucin production and 

function limit the virulence of microbial pathogens and prevent disease progression. Furthermore, 

these studies highlight how simple native mucin networks are capable of reconstituting important 

microbial interactions that cannot be captured with other in vitro models such as growing cells in 

media alone, or with commercially available mucins that have lost part of their native configuration 

(Figure 1.3).  

Mechanisms of mucin-microbe interactions  

The mechanisms that potentially permit mucins to suppress virulence traits in opportunistic 

pathogens and promote stability of microbial communities are numerous. In a first instance, mucus 

can influence microbial behavior and community structure by forming a 3-dimensional matrix that 

acts as a physical barrier (Figure 1.4a). As an example, in the stomach and large intestine, there is 

evidence that mucus provides the spatial structure necessary to protect the underlying epithelia 

from microbial damage and house a community of beneficial microorganisms (Johansson et al. 

2011). The 3-dimensional meshwork of mucus may spatially segregate microbes to some extent, 

affecting their ability to compete with each other and for nutrient sources. Mucins may also create 

heterogeneity by binding certain nutrients, which can lead to gradient formation and spatial niche 

partitioning as can be observed along the gastrointestinal tract (Lu et al. 2014). Furthermore, by 

influencing the transport of small signaling molecules, mucins also have the potential to interfere 

with intercellular communication and thereby regulate interactions within microbial communities. 

Many microbes rely on the production of signaling molecules to control traits that affect 

community structure such as biofilm formation, toxin and antibiotic production, DNA transfer, 

and various forms of motility. Thus, through their rich biochemistry, mucin polymers may 

selectively bind and reduce the diffusion of certain signaling molecules and toxins, thereby 

promoting the formation of discrete microenvironments capable of supporting the coexistence of 
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otherwise antagonistic species.  

Mucins also may protect against epithelial adhesion and cytotoxicity of pathogenic microbes by 

interacting directly with microbes. Specifically, the mucin backbone is grafted with over 200 

unique glycan structures (Jin et al. 2017) that could serve as potential interaction sites for microbes. 

Many pathogens, including the malaria parasite Plasmodium falciparum (Beeson et al. 2000) and 

the bacterium H. pylori (Simon et al. 1997), initiate infection by binding host cell glycans. Cell 

surface glycans can also act as highly specific receptors for viral hemagglutinins, such as in 

influenza virus (Kastner et al. 2017; Varki 1993) and human immunodeficiency virus (HIV) (Bode 

et al. 2012), as well as microbial cytotoxins, such as cholera toxin (Fishman & Atikkan 1980; 

Varki 1993). The glycans of secreted glycoconjugates like mucin are postulated to act as decoys 

for such pathogens, diverting the binding of the pathogen or toxin away from target cell surfaces 

(Varki 1993, 2006) or agglutinating pathogens for mucus clearance, thereby protecting the 

underlying epithelial cells. Mucins isolated from porcine gastric mucus have already been shown 

to prevent the infection of epithelial cells by a broad range of small mucosotropic viruses such as 

human papilloma virus type 16, Merkel cell polyoma-virus, and a strain of influenza A virus by 

trapping the viruses in the biopolymer matrix (Lieleg et al. 2012). Similarly, submandibular-

sublingual mucin is able to agglutinate the oral bacteria S. sanguinis and S. mutans (Levine et al. 

1978). This study also found that removing terminal sialic acid residues from salivary mucin 

glycoproteins prevented their ability to agglutinate S. sanguinis, but not S. mutans, suggesting that 

mucin-bacterial interactions involve specific, distinct carbohydrate moieties.  

In addition to its barrier and binding properties, mucins may regulate microbial interactions and 

promote a stable microbiota by serving as a source of nutrients for certain microbes (Figure 1.4b). 

While most microbes lack the complete machinery required to degrade and use host-derived 

substrates, growth of commensal bacteria is linked to the metabolism of host-derived limiting 

nutrients (Tailford et al. 2015). In the oral cavity, for example, consortia of bacteria are capable of 

using mucin-derived glycans as a primary carbon source (Bradshaw et al. 1994; van der Hoeven 

et al. 1990; Wickström & Svensäter 2008). Similarly, mucus in the gut is composed of mucin 

glycoproteins that may serve as a nutrient source to certain commensal bacteria (Png et al. 2010; 

Sonnenburg et al. 2005). This metabolic advantage to commensal bacteria can prevent the 

establishment of enteric pathogens by competitive exclusion (Bergstrom & Xia 2013; Buffie & 

Pamer 2013; Malago 2014) and promote stable community assembly. The current understanding 
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of the molecular mechanisms employed by mucin-degrading bacteria to use host glycans and adapt 

to the mucosal environment has been previously reviewed (Tailford et al. 2015), but remains a 

largely open area of research.  

Lastly, mucins, and in particular their associated glycans, may also influence the behavior and 

composition of the microbiota by presenting biochemical signals that influence cell physiology 

(Figure 1.4c). Metabolic cues help pathogens coordinate the expression of virulence factors 

(Rohmer et al. 2011) and the great structural diversity of glycans makes them well-suited to encode 

a wealth biological information. In fact, glycans are known to serve many biological functions in 

other contexts. Dietary prebiotic glycans can promote stability of the microbiome (Preidis & 

Versalovic 2009) and protect against virulence by enteric pathogens (Macfarlane et al. 2008), and 

cell surface sugar chains are important for cell-cell signaling (Kobata 1992; Varki 1993). In plants, 

oligosaccharide signals regulate important processes including host cell defense, growth, and 

development, even at extremely low concentrations (John et al. 1997). Similarly, glycosylation is 

important in signal transduction for mammalian systems. For example, deglycosylation of 

glycoprotein hormones such as human β chorionic gonadotrophin prevents intracellular signaling 

(Varki 1993). Covalently linked sugar chains on the surface of mammalian cells are also known 

to help communication and recognition through cell-cell adhesion (Fukuda et al. 1999; Varki 

1993). In immune cell function, the selectin family of receptor proteins mediates the adhesion of 

leukocytes to endothelial cells via recognition of sialylated, fucosylated, sulfated glycans (Fukuda 

et al. 1999). It is not yet clear which specific receptors or signaling pathways in microbial cells are 

regulated by glycans; however, promising candidates for mucin-glycan sensing include two 

component systems or second messenger systems, many of which have sugar binding sites 

(reviewed in (Mascher et al. 2006; Postma et al. 1993)).  

The large diversity of mucin glycans provides many potential recognition sites for microbes, which 

may each have a distinct signaling potential and role in regulating microbial behavior, but it has 

so far been intractable to assess their individual bioactivities. A class of structurally similar sugars 

found in human breast milk, known as human milk oligosaccharides (HMO), may provide 

important insight to the function of complex mucin glycans. HMO have garnered significant 

attention due to their ability to regulate the infant microbiota (Bode et al. 2012; Pudlo et al. 2015; 

Tailford et al. 2015; Yu et al. 2013). These oligosaccharides modulate immune responses 

(Eiwegger et al. 2004), alter global transcriptional profiles of commensal microorganisms (Garrido 
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et al. 2015), and protect against virulence of opportunistic pathogens. For example, α1–2-

fucosylated HMO prevented epithelial adhesion of the pathogen Campylobacter jejuni in vitro 

(Ruiz-Palacios et al. 2003), and pooled HMO blocked Entamoeba histolytica attachment to the 

surface of human intestinal epithelial cells, protecting host cells from cytotoxicity (Jantscher-

Krenn et al. 2012). Systematic analysis of mucins and their associated glycans as decoy binding 

sites and as signaling molecules may reveal specific protective functions not dissimilar to what has 

recently been observed with HMO (Yu et al. 2012, 2014).  

Together, mucin-microbe interactions are multifaceted, with both physicochemical properties and 

glycosylation patterns playing important roles. Figure 1.4 presents three important, understudied 

mechanisms for how the mucin gel may interact with microbes to influence community assembly 

and behavior. Specifically, the ability of mucins to impose geometric and diffusive constraints 

(Figure 1.4a), present complex nutritional substrates (Figure 1.4b), and display instructive signals 

via associated glycans (Figure 1.4c), all have strong potential to regulate microbial behavior and 

virulence.  

In this thesis, I evaluate the influence of each of these mechanisms by developing tractable model 

systems. In Chapter 2, I investigate the relative importance of mucin-imposed geometric 

constraints and glycan-mediated signaling function using the opportunistic pathogen, P. 

aeruginosa, as a model organism. In Chapter 3, I identify the molecular mechanisms by which 

mucin-associated glycans suppress the expression of the bacteria-killing type VI secretion system 

in P. aeruginosa. I further test how this glycan-mediated signaling influences competitive 

interactions between P. aeruginosa and Burkholderia cenocepacia or Escherichia coli. In Chapter 

4, I extend the in vitro model of the mucus environment to study how mucin glycans influence the 

composition of a complex microbial community derived from saliva. Taken together, this thesis 

demonstrates that mucins glycans modulate microbial behavior and, in turn, microbial interactions 

with the host and the surrounding microbial community. By better understanding how alterations 

to the biochemistry of mucins and mucus impacts their protective capacity, it may be possible to 

repair these barriers in disease and restore healthy mucosal function.  
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Figures  

 

Figure 1.1 Epithelial surfaces of the body coated by mucus, with characteristic pH levels.  
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Figure 1.2 (a,b) Schematics of the general structure of (a) secreted and (b) tethered mucin molecules. (c) An 

illustration of the network established by the gel-forming, secreted mucins. Individual mucin subunits associate 

via end-to-end disulfide bonds to form even larger macromonomer chains. The network is formed from 

reversible associations such as hydrophobic interactions between the non-glycosylated, cysteine-rich regions 

of the molecules and is stabilized by electrostatic repulsion between the charged sugar side chains. 

Abbreviation: PTS domain, proline, threonine, and/or serine domain.  
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Figure 1.3  Scanning electron microscopy (SEM) reveals structural changes to mucins associated with 

different purification processes. (a) MUC5AC mucin purified from pig gastric mucus by the Ribbeck lab 

entangles to form the characteristic mesh-like network of the mucus gel. (b) Industrially purified porcine 

gastric mucin supplied by Sigma-Aldrich is degraded and deglycosylated. 
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Figure 1.4 Microbial interactions with mucins influence pathogenicity and community-level behaviors, which 

may ultimately influence the composition or function of the microbiota. (a) Barrier properties of mucus can 

limit the diffusion of microbial signaling molecules, toxins, or nutrients through an environment. This can result 

in signal gradients that promote or interfere with intercellular communication, toxin sequestration that limits 

antagonism between competing microbes, or nutrient gradients that facilitate niche partitioning. (b) Mucin-

derived sugars may serve as a carbon source to select microbes with glycan degradation machinery. (c) Mucin-

associated glycans may serve as chemical signals that attenuate microbial virulence or competition. (a-c) Not 

drawn to scale. Created with BioRender.com 
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aeruginosa in infection 
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Supplementary information is provided in Appendix A. 

Abstract 

A slimy, hydrated mucus gel lines all wet epithelia in the human body, including the eyes, lungs, 

gastrointestinal and urogenital tracts. Mucus forms the first line of defense while housing trillions 

of microbes that constitute the microbiota. Rarely do these microbes cause infections in healthy 

mucus, suggesting mechanisms exist in the mucus layer that regulate virulence. Using the 

bacterium Pseudomonas aeruginosa and a 3-dimensional (3D) laboratory model of native mucus, 

we determined that exposure to mucus triggers the downregulation of virulence genes involved in 

quorum sensing, siderophore biosynthesis, and toxin secretion, and rapidly disintegrates biofilms, 

a hallmark of mucosal infections. This phenotypic switch is triggered by mucins, polymers densely 

grafted with O-linked glycans that form the 3D scaffold inside mucus. Here we show isolated 

mucins act at various scales, suppressing distinct virulence pathways, promoting a planktonic 

lifestyle, reducing cytotoxicity to human epithelia in vitro, and attenuating infection in a porcine 

burn model. Other viscous polymer solutions lack the same effect, indicating that mucin’s 

regulatory function is not a result of its polymeric structure alone. We identify that interactions 

with P. aeruginosa are mediated by mucin-associated glycans. By isolating glycans from the 

mucin backbone, we assessed the collective activity of hundreds of complex structures in solution. 

Like their grafted counterparts, free mucin glycans potently regulate bacterial phenotypes even at 

relatively low concentrations. This regulatory function likely depends on glycan complexity, as 

monosaccharides do not attenuate virulence. Thus, mucin glycans are potent host signals that 

“tame” microbes, rendering them less harmful to the host. 
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Introduction 

Mucus is a biological hydrogel that coats all wet epithelia in the human body. These mucus layers 

represent the largest interface for host-microbe interactions and one of the first environments 

encountered by invading bacteria like Pseudomonas aeruginosa (Figure 2.1a). Although this 

opportunistic pathogen employs several virulence traits and can cause severe morbidity or even 

death in people with compromised immunity, burn wounds, or defects in mucus production (Figure 

2.1b) (Sadikot et al. 2005; Parsek & Singh 2003), mucosal infections are uncommon in most 

healthy individuals exposed to this microbe (Parsek & Singh 2003). This lack of infection suggests 

the presence of host defense mechanisms within the mucus environment that enable the body to 

tolerate continued exposure to P. aeruginosa.  

Growing evidence suggests that the major gel-forming components of mucus, the mucin 

glycopolymers, may have a role in protecting against opportunistic microbes. For instance, mucin 

genes are often up-regulated in response to infection by microbes (Kerschner et al. 2014; Dohrman 

et al. 1998; Li et al. 1997, McNamara et al. 2001), and media containing natively purified mucins 

are sufficient to prevent surface attachment and the formation of antibiotic-resistant cellular 

aggregates, known as biofilms, by several microbes (Caldara et al. 2012; Kavanaugh et al. 2014; 

Frenkel & Ribbeck 2015). These observations suggest that mucins may help promote host-

compatibility by regulating virulence, but specific pathways altered by this host-produced factor 

remain poorly understood. 

Results 

To identify mechanisms in native mucus that control pathogens, we tested whether exposure to 

native intestinal mucus alters biofilm integrity. Mature P. aeruginosa biofilms were exposed to 

buffer or native intestinal mucus. While buffer alone did not affect biofilm integrity (Figure 2.1c), 

biofilms exposed to mucus dissociated from the surface and 70% of cells shifted into the planktonic 

phase (Figure 2.1d). Since the growth rate was not altered in mucus relative to buffer alone (Figure 

S2.1), the shift to planktonic growth may arise from phenotypic regulation by mucus. Mucus-

mediated biofilm dispersal is dependent on an intact flagellum (Figure 2.1c), indicating that mucin 

triggers an active, motility-driven escape, as opposed to mechanical disruption. To test whether 

mucus only affects biofilms or more broadly regulates virulence traits, we measured the expression 

of genes important for establishing infection (Sadikot et al. 2005). This revealed intestinal mucus 
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transcriptionally suppresses quorum sensing (lasR), siderophore biosynthesis (pvdA), and type-

three secretion (pcrV) (Figure 2.1e). Native gastric and salivary mucus similarly suppressed major 

infection-related genes (Figure 2.1e), suggesting that virulence suppression is conserved across 

various mucosal surfaces. Together, these findings demonstrate that mucus contains factors that 

modulate bacterial behaviors at the levels of gene expression and phenotype. 

To identify specific regulatory factors within complex mucus, we tested mucus fractions separated 

according to molecular weight. The primary bioactive component of whole mucus was larger than 

100 kDa (Figure 2.1f), pointing to mucin polymers as possible candidates. Mucins are a major 

high molecular-weight component of mucus that disperse cells in isolation (Co et al. 2018). Adding 

purified mucins back into depleted mucus was sufficient to restore biofilm dispersal and virulence 

gene suppression (Figure 2.1f-h), providing strong evidence that mucin glycopolymers constitute 

key regulatory cues inside mucus. Here, using natively purified mucins was critical because 

commercially available mucins harbor reduced chemical complexity due to the harsh purification 

process (Wagner et al. 2018). 

To directly test whether mucins trigger a global transcriptional response, we performed RNA 

sequencing on P. aeruginosa grown with or without (0.5% w/v) MUC5AC or MUC5B, the most 

abundant gel-forming mucins secreted in niches colonized by P. aeruginosa, including the nasal 

and oral cavities, respiratory tract, eyes, and middle ear (Figure 2.2a, b). Both mucins triggered a 

genome-wide response (Figure 2.2c) and suppressed many virulence pathways, including type 1, 

2, 3, and 6 secretion systems, siderophore biosynthesis (pyoverdine and pyochelin), and quorum 

sensing (Figure 2.2d). While we found no enrichment in virulence pathways among the 

upregulated genes, we detected enrichment in the denitrification genes, consistent with previous 

findings that this pathway is inversely regulated by quorum sensing (Toyofuku et al. 2007). There 

were differences in the exact genes that were differentially regulated, as well as differences in the 

magnitudes of those changes after exposure to MUC5AC or MUC5B (Figure 2.2c, S2.2, Table 

S2.1), suggesting that differences in mucin biochemistry influence specific regulatory function. 

We replicated this effect with various media, time points, and bacterial strains (Figure S2.3), 

demonstrating that mucin suppresses virulence gene expression across a range of experimental 

conditions. 

Transcriptional regulation of virulence was validated by qPCR (Figure S2.4). To confirm the 
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phenotypic relevance of these changes, we combined functional biochemical assays and infection 

models (Figure 2.2e, i). Protease activity and siderophore production were lower in supernatants 

from P. aeruginosa exposed to mucin than in supernatants from bacteria grown in medium alone 

(Figure S2.5). Consistent with downregulation of biofilm formation, MUC5AC suppressed P. 

aeruginosa PAO1 association to surfaces made of glass (Figure S2.6) and plastic (Figure S2.7), 

and reduced attachment to live HT-29 human epithelial cells in a concentration dependent manner 

(Figure 2.2f). Mucins promoted a larger vertical distribution of P. aeruginosa cells than those 

grown in medium alone, shifting them to a suspended and less-aggregated planktonic-like state 

with cells still detectable ≥50 μm from the glass surface (Figure S2.6). Collectively, these data 

highlight two facets of mucin regulatory function: one in which mucins induce a global 

transcriptional response that “disarms” P. aeruginosa by downregulating important virulence 

genes, and another in which mucins suppress aggregation and bacterial attachment to surfaces. 

Mucin-mediated changes were sufficient to neutralize antagonistic interactions between P. 

aeruginosa and human cells. By monitoring survival of human epithelial cells over time, we 

determined that MUC5AC reduced P. aeruginosa-mediated epithelial cell death in a dose-

dependent manner (Figure 2.2g), while maintaining the morphology and confluency of the 

epithelial cell monolayer (Figure 2.2h). 

To better understand the relevance of mucin’s regulatory function in a complex biological system 

of multiple cell types and an active immune system, we exposed P. aeruginosa-infected porcine 

burn wounds to a wound dressing containing MUC5AC and quantified the bacterial burden over 

time by counting colony-forming units (CFU, Figure 2.2i, S2.8). Exposure to MUC5AC resulted 

in two-log reductions in CFU in wounds 1-week post-infection, compared to no reduction in the 

mucin-free mock treatment (Figure 2.2j). The sustained clearance of P. aeruginosa detected here 

is likely not due to direct killing by MUC5AC, as viability was not inhibited by mucins in isolation 

(Figure 2.2k). Rather, mucin likely mediates bacterial clearance through regulation of microbial 

phenotypes, which attenuates pathogens and thereby facilitates host-mediated clearance. 

It is tempting to speculate that mucin triggers this phenotypic switch by maintaining cells in the 

planktonic, non-aggregate form. To test this hypothesis, we evaluated whether mucins still 

suppressed virulence genes in mutants lacking flagellar motility (ΔmotABCD) or the ability to 

aggregate (Δpslpel) (Figure 2.3a). Both mutants responded to mucins (Figure 2.3b), indicating that 

mucin’s virulence-attenuating function is not a downstream consequence of changes to motility or 
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aggregation, but rather a parallel effect. Integrating our RNA-seq results with the major genetic 

components of the P. aeruginosa virulence network (Jimenez et al. 2012, Balasubramanian et al. 

2013, Figure 2.3c) revealed that mucin’s broad virulence-attenuating effect likely involves 

multiple regulatory systems.  

Polymer solutions like mucin have complex structural and biochemical properties that could 

directly or indirectly trigger signaling events through many sensory systems in P. aeruginosa. One 

possibility is that mucins may trigger a general response through their electrostatic or hydrophobic 

properties or by creating geometric constraints. An alternative hypothesis is that the observed 

response is triggered by sensing specific biochemical moieties that are presented on secreted 

mucins. To distinguish between these two possibilities, we tested whether carboxymethylcellulose 

(CMC), a well-established mucin mimetic with charge and viscoelastic properties similar to those 

of native mucins (Van Der Reijden et al. 1994), could elicit changes in P. aeruginosa virulence. 

Importantly, exposure to CMC did not differentially regulate signature virulence genes (Figure 

2.3d), prevent surface attachment (Figure S2.9), or protect epithelial cells from P. aeruginosa-

induced death (Figure S2.9). These results suggest that mucin’s polymeric structure is not 

sufficient to mediate these virulence-attenuating effects. Rather, specific biochemistry present in 

mucins, but not CMC, is necessary to attenuate P. aeruginosa virulence. 

Native mucins display a plethora of complex glycan structures covalently linked to 

serine/threonine (Jin et al. 2017, Karlsson et al. 1997, Holmen Larsson et al. 2013), creating a 

wealth of biochemical information with the potential to influence microbial gene expression. P. 

aeruginosa employs many strategies to sense and respond to host signals, allowing it to coordinate 

the switch between its pathogenic and host-compatible states (Jimenez et al. 2012, 

Balasubramanian et al. 2013). Sensing signature mucin-glycan motifs may be an effective 

mechanism to limit production of metabolically costly virulence factors in niches where virulence 

would not be advantageous. The potential of complex mucin glycans to regulate microbial 

behavior has been largely overlooked owing to fundamental technical limitations, including the 

difficulty of purifying intact mucins, non-standard methods for isolating O-linked glycans, and the 

analytical complexity of predicting glycan structures (Cummings and Pierce 2014). To determine 

whether glycans contribute to mucin’s virulence-neutralizing capability, we assessed the degree to 

which glycans isolated from the MUC5AC protein backbone recapitulate the mucin response in P. 

aeruginosa. We isolated mucin glycans via alkaline β-elimination, which preserved the unique 
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sequences in the oligosaccharide chains and yielded a pooled library of O-linked glycans (Figure 

2.4a, b). We then analyzed glycans via matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF). After processing for annotation and assignment based on mass and known core 

structures, we identified >90 glycan structures (Figure 2.4c, Table S2.2), not including distinct 

isomeric forms, which likely would increase the library diversity to several hundred structures. 

The diversity of our glycan library is comparable to those of published libraries for mammalian 

gastric and respiratory mucins (Jin et al. 2017, Karlsson et al. 1997, Holmen Larsson et al. 2013, 

Xia et al. 2005). Specifically, glycans in our library were predominantly built on core-2 [Galβ1-

3(GlcNAcβ1-6)GalNAcα1-] and, to a lesser extent, core-1 (Galβ1-3GalNAcα1-) structures, with 

a high level of fucosylation and relatively little sialylation. 

Like native mucus and intact mucins, mucin glycans triggered an active, motility-dependent 

dispersal of bacterial cells from mature biofilms (Figure 2.4d, S2.10) into the planktonic state 

(Figure 2.4e). Mucin glycans also prevented bacterial attachment to glass surfaces (Figure S2.11) 

and to human cells (Figure 2.4f) and yielded bacterial aggregates smaller than those formed in 

medium alone or with monosaccharides (Figure 2.4g). To determine which mucin-regulated 

pathways were specifically altered in response to mucin glycans, we exposed P. aeruginosa to a 

pool of potential glycan cues and monitored changes in gene expression. RNA-seq revealed that 

P. aeruginosa exposed to relatively low concentrations (0.01% w/v) of free MUC5AC glycans 

undergo a transcriptional response that mirrors that associated with exposure to 0.5% (w/v) whole 

native mucin comprised of up to 0.4% (w/v) grafted-glycans (Figure 2.4h). Functional enrichment 

analyses confirmed that the same virulence pathways suppressed by intact MUC5AC were also 

suppressed by MUC5AC glycans (Figure 2.4i), further indicating that an integral part of mucin 

rather than another mucus-associated factor is the primary virulence-neutralizing agent in mucus. 

We anticipate that increasing the glycan concentration to levels present on mucin will improve the 

dynamic range of the transcriptional response. Importantly, P. aeruginosa viability was not altered 

by the presence of monosaccharides represented in mucin glycans (Figure 2.4j). Exposure of P. 

aeruginosa to a pool of these monosaccharides did not trigger dispersal (Figure 2.4d), prevent 

attachment to glass (Figure S2.11) or human cells (Figure 2.4e), or differentially regulate quorum 

sensing (lasR), siderophore production (pvdA), or type-three secretion (pcrV) genes (Figure 2.4k). 

Monosaccharide exposure also did not suppress virulence-factor production, even with increasing 

concentrations (Figure S2.12), although a non-significant effect on bacterial burden in vivo was 
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detected (Figure 2.4l). Based on these data, we conclude that the complex arrangement and 

particular stereochemistry of these sugar residues is critical to their function as regulatory signals. 

Discussion 

The diversity of O-glycans on mucins exceeds even that on tissue surfaces (Nakano et al. 2011, 

Lee et al. 2010, Yamada and Kinoshita 2009), and their complexity makes them ideal for encoding 

biological information with a high degree of specificity. In this way, mucins present and retain 

myriad potential regulatory cues. We propose that microbes likely evolved mechanisms to 

recognize, process, uptake, and respond to specific moieties within the complex array of mucin 

glycans (Varki 2017). The question remains how mucin glycans interact with, and are sensed by, 

P. aeruginosa at a molecular level. One possibility is that glycans may directly serve as signal 

through a carbohydrate binding site in a global regulatory system, such as those affecting the 

secondary messenger c-di-GMP or the non-coding RNAs rsmY and rsmZ (Jimenez et al. 2012, 

Balasubramanian et al. 2013). Potential glycan sensors have been identified in P. aeruginosa that 

are thought to feed into regulatory virulence pathways and have annotated carbohydrate binding 

sites, such as the two-component sensor LadS and the diguanylate cyclase NicD (Ventre et al. 

2006, Basu Roy & Sauer 2014). Mucin glycans may also trigger metabolic changes by serving as 

a nutritional substrate or regulate signaling pathways through interactions with specific P. 

aeruginosa lectins or surface adhesins. We speculate that the structural diversity of mucins and 

mucin-associated glycans permits them to interact with several bacterial receptors and mediate 

distinct functions.  

Collectively, our findings reveal a previously unrecognized role for mucin glycans as potent host-

derived regulators of bacterial phenotype, which has broad implications for how the body prevents 

mucosal infections while maintaining a diverse microbiota. Why diseased mucus no longer retains 

the ability to attenuate virulence (Landry et al. 2006, Secor et al. 2018, Cattoir et al. 2012, Duan 

& Surette 2007, Arora et al. 1998) remains an open question. Based on our findings that glycans 

trigger a switch in bacterial phenotype, we postulate that changes to mucin glycosylation patterns 

in disease, such as increased sialylation (Xia et al. 2005), will alter both mucin’s binding properties 

with microbes and its protective function. By isolating mucin glycan library, we have established 

the conceptual and technical framework to systematically address these open questions about the 

glycan regulatory code. We posit that cracking this code will elucidate the influence of glycans on 
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the virulence of microbes that interact with the host via mucosal surfaces. Identification of specific 

bioactive glycans will likely reveal a class of therapeutics for treating intractable bacterial 

infections and may inspire treatment strategies that tune host glycan signals to attenuate virulence 

and stabilize the healthy microbiota. 
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Materials and Methods 

Strains and growth conditions. Batch cultivation of Pseudomonas aeruginosa strains (Table 

S2.3) was carried out shaking at 37 °C in LB (Difco). Thirty μg/mL gentamicin was added to the 

medium for strains with gentamicin-resistant plasmids. 

For whole-mucus experiments, overnight cultures of PAO1 were diluted 10-fold into ABTGC, 

which is comprised of ABT minimal medium (Chua et al. 2015) supplemented with 5 g glucose 

and 5 g casamino acids, and grown for 4 h. Seventy-five microliters of these cultures were exposed 

to 75 μL of solubilized mucus or solubilization buffer (described in “preparation of whole mucus”) 

for 1 h at 37 °C in a static 96-well microtiter plate (CellStar).  

For experiments involving liquid culture, overnight cultures of PAO1 were diluted to an OD600 of 

0.01 into 150 μL ABTGC with or without (0.01-0.5%) MUC5AC, (0.5%) MUC5B, 0.5% 

carboxymethylcellulose (CMC, Sigma), (0.01%) MUC5AC glycans, or (0.01%) monosaccharide 

mixture and grown for 5 h at 37 °C in a static 96-well microtiter plate. Note that based on the data 

in Figure 2.4b, the monosaccharide mixture contained equal weights of galactose, N-

acetylglucosamine [GlcNAc], N-acetylgalactosamine [GalNAc], fucose, and sialic acid (all sugars 

purchased from Sigma). The concentration of glycans was selected based on the mucin dose 

response curves in Figure 2.2. In these experiments, we found that 0.01% was the lowest mucin 

concentration with measurable effects (Figure 2.2f). Due to the technical challenges of preparative-

scale purification of mucin glycans, we used the minimal inhibitory concentration in this work. 

Human saliva collection. Submandibular saliva was collected from human volunteers using a 

custom vacuum pump, pooled, centrifuged at 2500 x g for 5 minutes, and protease inhibitors were 

added as previously described (Frenkel & Ribbeck 2015). Human saliva samples were collected 

after explaining the nature and possible consequences of the studies, obtaining informed consent, 

and receiving approval from the institutional review board and Massachusetts Institute of 

Technology’s Committee on the Use of Humans as Experimental Subjects under protocol 

#1312006096. 

Preparation of whole mucus. Mucus was scraped from fresh pig stomachs and intestines, and 

solubilized (1 g scrapings to 5 mL) in 0.2 M sodium chloride buffer with protease inhibitors (5 
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mM Benzamidine HCl, 1 mM dibromoacetophenone, 1 mM phenylmethylsulfonylfluoride 

(PMSF), and 5mM EDTA at pH 7) and 0.04% sodium azide (Sigma). Cellular debris and food 

waste was removed via low-speed centrifugation, 8000 x g, (7,000 rpm Sorvall GS-3 rotor), for 30 

minutes at 4 °C.  

Mucin purification. This study used native porcine gastric mucins (MUC5AC), porcine intestinal 

mucins (MUC2), and human salivary mucins (MUC5B). Native mucins were purified as 

previously reported (Caldara et al. 2012, Kavanaugh et al. 2014, Frenkel & Ribbeck 2015, Co et 

al. 2018, Lieleg et al. 2012). Briefly, mucus was scraped from fresh pig stomachs and intestines, 

solubilized in sodium chloride buffer (described above), and insoluble material was removed by 

ultracentrifugation at 190,000 x g RCF for 1 h at 4 °C (40,000 rpm, Beckman 50.2 Ti rotor with 

polycarbonate bottles). Submandibular saliva was collected from human volunteers using a custom 

vacuum pump, pooled, centrifuged, and protease inhibitors were added (Frenkel & Ribbeck 2015). 

Mucins were purified using size-exclusion chromatography on separate Sepharose CL-2B 

columns. Mucin fractions were then desalted, concentrated, and lyophilized for storage at -80°C. 

Lyophilized mucins were reconstituted by shaking them gently at 4°C overnight in the desired 

medium. Mass spectrometry is routinely used to monitor the composition of purified mucin 

extracts (Caldara et al. 2012, Lieleg et al. 2012). This type of analysis has shown that mucin 

extracts purified from porcine stomach mucus, for example, are composed predominantly of 

MUC5AC, with small quantities of MUC2, MUC5B, and MUC6, as well as histones, actin, and 

albumin (Caldara et al. 2012, Lieleg et al. 2012). 

Isolation of mucin oligosaccharides. This study applied non-reductive alkaline β-elimination 

ammonolysis to dissociate non-reduced glycans from mucins (Huang et al. 2001). Purified mucins 

were dissolved in ammonium hydroxide saturated with ammonium carbonate and incubated at 60 

C for 40 h to release oligosaccharide glycosylamines and partially deglycosylated mucins. 

Volatile salts were removed via repeated centrifugal evaporation and the oligosaccharide 

glycosylamines were separated from residual deglycosylated mucins via centrifugal filtration 

through 3-5 kDa molecular weight cut-off membranes in accordance with the manufacturer’s 

instructions (Amicon Ultracel). The resulting oligosaccharide glycosylamines were converted to 

reducing oligosaccharide hemiacetals via treatment with boric acid. Residual boric acid was 

removed via repeated centrifugal evaporation from methanol. Oligosaccharides were further 
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purified via solid-phase extraction through Hypercarb mini-columns (ThermoFisher) and residual 

solvents were removed through centrifugal evaporation (Packer at al. 1998). 

Capillary electrophoresis of oligosaccharides. Reducing oligosaccharides released from mucins 

were labeled via reductive amination with the fluorescent tag 8-aminopyrene-1,3,6-trisulfonic 

acid, sodium cyanoborohydride, and citric acid. Labeled oligosaccharides were analyzed with 

polyvinyl alcohol coated N-CHO capillaries in accordance with the manufacturer’s 

(SciEx/Beckman) protocol using a PA800 (Beckman) capillary electrophoresis instrument, 

detected with laser-induced fluorescence, and analyzed with 32Karat software. The relative sizes 

of separated oligosaccharides were determined by comparison with migration times of glucose 

polymer standards. Chromatograms were constructed in GraphPad Prism (v7.04). 

Capillary electrophoresis of monosaccharides. The monosaccharide composition of released 

mucin glycans was determined through established methods (Chen & Evangelista 1998, Guttman 

1997). Briefly, neutral monosaccharides were obtained by hydrolysis in trifluoracetic acid for 1 h 

at 80 °C. The liberated monosaccharides were labeled with 8-aminopyrene-1,3,6-trisulfonic acid 

via reductive amination as described for oligosaccharides. Monosaccharides were analyzed with 

capillary electrophoresis on a bare silica column and detected via laser-induced fluorescence. 

Monosaccharides were identified and quantified by comparison to a maltose internal standard and 

migrations times and standard curves were generated using purified standard sugars. 

Chromatograms were constructed in GraphPad Prism (v7.04). 

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) and prediction of 

mucin-glycan structure. β-eliminated glycans were permethylated and analyzed at the Glycomics 

Core at Beth Israel Deaconess Medical Center as previously described (Taniguchi et al. 2017). 

Mass spectrometry data were acquired on an UltraFlex II MALDI-TOF Mass Spectrometer 

(Bruker Daltonics). Reflective positive mode was used, and data were recorded between 500 m/z 

and 6000 m/z. The mass spectrometry O-glycan profile was acquired by aggregating at least 20,000 

laser shots. Mass peaks were manually annotated and assigned to a particular O-glycan 

composition based on known core structures. 

RNA preparation. Total RNA was extracted using the MasterPure RNA Purification kit 

(Lucigen) and residual DNA was removed using the Turbo DNA-free kit (Ambion). The integrity 
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of the total RNA was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies). 16S, 

23S, and 5S rRNA were removed using the Ribo-Zero Magnetic Kit (Bacteria) (Epicentre). 

RNA sequencing. Gene expression analysis was conducted via Illumina RNA sequencing (RNA-

seq). RNA-seq was conducted for three biological replicates. Libraries were produced using the 

KAPA RNA HyperPrep kit (Kapa Biosystems). Libraries were sequenced using the Illumina 

HiSeq platform with a single-end protocol and read lengths of 40 nt or 50 nt. 

Analysis of sequencing data. Sequence reads were mapped onto the P. aeruginosa PAO1 

reference genome, which is available for download from the Pseudomonas Genome Database 

(http://www.pseudomonas.com) using the Galaxy server (Afgan et al. 2018). Gene expression 

values were normalized based on library size and differentially expressed genes were identified 

using a negative binomial test with a false discovery rate (FDR) less than 0.05. Expression changes 

in signature virulence genes identified by RNA-seq were validated with quantitative PCR (qPCR), 

which revealed strong concordance between the two methods (Figure S2.4). 

Functional category (pathway) assignments were downloaded from the Pseudomonas Genome 

Database. Pathway enrichment analysis was performed in MATLAB (R2016b) using the one-sided 

Mann-Whitney U test, where ranking was based on the log2-transformed fold change. 

Heatmaps and scatter plots of gene expression data were constructed in GraphPad Prism. Principle 

component analysis was performed in R (3.4.0) using the DESeq 2 workflow (Love et al. 2014). 

For all analyses of sequencing data, p-values were adjusted for multiple comparisons with the 

Benjamini-Hochberg correction to obtain the FDR. 

High-throughput sequencing data presented in Figures 2.1 and 2.4 are deposited in the Gene 

Expression Omnibus (GEO) under accession number GSE136097. 

qRT–PCR analysis. Primers used in this study are listed in Table S2.3. Quantitative reverse 

transcriptase PCR (qRT–PCR) was performed using a two-step method. First-strand cDNA was 

synthesized from total RNA using the ProtoScript II First Strand cDNA Synthesis kit (NEB). The 

cDNA was used as a template for qRT–PCR with a SYBR PowerUp Master Mix kit (Applied 

Biosystems by Life Technologies) on a Roche LightCycler 480 Real-Time PCR System. Primers 

for qRT-PCR were designed based on previously published literature or using the NCBI Primer-

http://www.pseudomonas.com/
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BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The genes rpoD and proC were 

used as endogenous controls. The elimination of contaminating DNA was confirmed via qPCR 

amplification of rpoD on control samples that did not have reverse transcriptase added during 

cDNA synthesis. Melting-curve analyses were employed to verify single-product amplification. 

Change in gene expression was calculated based on mean change in qPCR cycle threshold (dCt) 

using the ∆∆Ct method (Fold change = 2-∆∆Ct). 

Dispersal of static P. aeruginosa biofilms. Biofilm dispersal under static conditions P. 

aeruginosa biofilm dispersal was assayed as previously described (Co et al. 2018), with slight 

modification. Briefly, an overnight culture of PAO1-GFP or PAO1-GFP ΔfliD was diluted in 

ABTGC medium to an initial OD600 of 0.01, added to a glass-bottom or plastic 96-well plate, and 

incubated for 48 h at 37 °C under static conditions. The supernatant containing non-adherent cells 

was removed from the plate and the biofilm remaining in each well was washed at least three times 

with 0.9% NaCl. Biofilms were exposed to whole mucus, the solubilization buffer, ABTGC 

medium alone, or ABTGC medium + 0.01% mucin glycans or monosaccharides. Biofilms were 

statically incubated at 37 °C for 3 h. Plates were washed three times with 0.9% NaCl and 

resuspended in ABTGC medium, then examined via microscopy to determine the remaining 

biofilm biomass. Viable dispersed cells were quantified via CFU counts on LB agar plates. Image 

acquisition was performed using a confocal laser scanning microscope (LSM 800; Zeiss) equipped 

with a 63×/1.4 NA oil immersion or a 100×/1.4 NA oil immersion objective. The excitation 

wavelength for GFP was 488 nm. At least five stacks were recorded for each well and at least three 

independent wells. Biofilm quantification was performed using COMSTAT (1.66). 

Measurement of protease activity. Bacterial cultures were pelleted via centrifugation (13,200 × 

g for 3 min at room temperature), and supernatants were filtered-sterilized using a 0.2 μm filter. 

Protease IV activity. The activity of protease IV in cell-free culture supernatants was measured 

via breakdown of the chromogenic substrate Chromozym PL (Roche), which reacts specifically 

with protease IV in P. aeruginosa culture supernatants (Caballero et al. 2004). Briefly, 10 µL pre-

treated sample and 3 µL Chromozym PL (7 mM) were combined in reaction buffer (20 mM 

Tris/HCl, pH 8.0) to a total volume of 100 µL in a microwell plate. Plates were assayed on a 

SpectraMax M Series Multi-Mode Microplate Reader (Molecular Devices) pre-equilibrated to 30 
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°C by measuring the rate of increase in absorbance at 405 nm at 3-min intervals for 30 min. 

Protease IV activity was calculated using the following equation: 

F × E × d × ΔA/min,  

where F is the dilution factor, E is the  extinction coefficient (at 405 nm  =  10.4), d is the  path 

length (at 100 µL volume in a microtiter plate ≈ 0.53 cm), and ΔA/min  is  the maximum change in 

absorbance per min. The protease activity was normalized to account for variation in bacterial cell 

growth based on the optical density (absorbance at 600 nm) of the culture at 5 h. Relative changes 

were calculated based on the protease activity in medium alone. 

Alkaline protease activity. Alkaline protease activity was tested using a modified method 

previously described (Howe and Iglewski 1984). Samples containing 1 mg of Hide powder azure 

(Sigma) dissolved in buffer (0.075 mL) consisting of 20 mM Tris/HCl, pH 8.0 and 1 mM CaCl2 

were mixed with 0.025 mL of the culture supernatants. The reaction mixtures (0.1 mL) were 

incubated at 37 °C for 1 h. Undissolved substrate was removed via centrifugation at 4000 × g for 

5 min. The absorbance of the reaction mixtures was determined at 595 nm on a SpectraMax M 

Series Multi-Mode Microplate Reader (Molecular Devices). Protease activity was expressed in 

terms of protease units per milliliter (U/mL), where one unit is equivalent to an increase in OD595 

of 1.0 per hour at 37 °C. Protease activity was normalized to account for variation in bacterial cell 

growth based on the OD600 of the culture at 5 h. Relative changes were calculated based on the 

protease activity in medium alone. 

Measurement of siderophore fluorescence. Pyoverdine and pyochelin levels were 

simultaneously quantified based on characteristic fluorescence spectra, as previously described 

(Dumas et al. 2013). Briefly, fluorescence was measured on a SpectraMax M Series Multi-Mode 

Microplate Reader (Molecular Devices). Pyoverdine production was quantified using an excitation 

wavelength of 400 nm and an emission wavelength of 460 nm. Pyochelin fluorescence was 

quantified using an excitation wavelength of 350 nm and an emission wavelength of 410 nm. To 

account for the background fluorescence of pyoverdine, pyochelin production was calculated using 

the equation: 

z = w – 3E-7 × y2 – 0.0413 × y, 
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where z is the actual value of pyochelin production, w is the fluorescence measured at 

excitation/emission 350/410, and y is the pyoverdine fluorescence measured at excitation/emission 

400/460. 

Quantification of bacterial growth and polystyrene-attached biomass. Growth curves were 

measured in microtiter plates on a SpectraMax M Series Multi-Mode Microplate Reader 

(Molecular Devices) by measuring the absorbance at 600 nm and by CFU counts. Adherent 

biomass was quantified using crystal violet (Junker & Clardy 2007). Cells attached to the wells of 

the plate were washed three times with 0.9% NaCl and stained with 0.01% crystal violet for 15 

min at room temperature. Wells were washed three times with 0.9% NaCl. Ethanol was added to 

each well and the absorbance at 595 nm was measured after 15 min. The absorbance in each well 

was normalized based on the optical density of the culture at 5 h. 

Human cell culture. Authenticated, mycoplasma-free HT-29 cells (ATCC® HTB38™), a human 

carcinoma cell line with epithelial morphology were obtained directly from the American Type 

Culture Collection (ATCC). Morphology was routinely monitored to verify cell line authenticity 

and cells were periodically tested for contamination by PCR. Cells were cultured in Dulbecco’s 

Modified Eagle Medium GlutaMAX (DMEM) (Gibco) supplemented with 10% fetal bovine serum 

(FBS) (Gibco) at 37 °C in 5% CO2–95% air. Cells were split 1:12 and passaged as the culture 

reached confluence. To prepare for co-culture with bacteria, HT-29 cells were detached from the 

growth surface with 0.25% trypsin–1 mM EDTA (Gibco), resuspended in DMEM+FBS, counted, 

diluted to the appropriate density in DMEM+FBS, and seeded in 96-well plates to confluence 

(approximately 5 x 105 HT-29 cells).  

Examination of bacterial interactions with epithelial cells. In all experiments, control and 

experimental HT-29 cells were identically treated except that co-culture medium did not contain 

bacteria in the uninfected controls. Bacteria were co-cultured with HT-29 cell monolayers at an 

initial multiplicity of infection (MOI) of 20 (1 x 107 CFU) for 1-8 h. Subsequently, HT-29 cells 

were processed and assayed in the cell-function assays described below. 

Analysis of bacterial attachment. After 1 h of co-culture, non-adherent bacteria in the supernatant 

were aspirated and quantified by serial dilution as CFUs. HT-29 cell monolayers were washed 

three times with phosphate-buffered saline (PBS) (Gibco), and cells were lysed with 1% Triton X-
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100 (Sigma) and removed from the growth surface. Attached bacteria were serially diluted in PBS 

and quantified as CFUs. 

Epithelial cytotoxicity assay. HT-29 cell killing by P. aeruginosa was measured using the 

membrane impermeable nuclear stain propidium iodide (PI), which allows continuous quantitative 

measurement of cell viability over time, owing to its optimal linear DNA-binding, without 

background from bacterial cell death (Figure S2.14). After co-culture of 1-10 h, PI fluorescence 

(excitation/emission 535/617 nm) was measured on a SpectraMax M Series Multi-Mode 

Microplate Reader (Molecular Devices). Between measurements, plates were kept in an incubator 

at 37 °C, 5% CO2–95% air. At the end of the experiment, maximal fluorescence was measured 

following treatment of each well with 1% Triton X-100 to permeabilize all cells and label all nuclei 

with PI, which corresponds to 100% cell death. Background fluorescence of PI was measured in 

uninfected control cells (exposed to medium alone or the appropriate concentration of MUC5AC) 

at the beginning of the experiment. Percentage cytotoxicity was calculated as: 

(f – f0) / (M – f0) × 100, 

where f0 is the initial fluorescence, M is the maximum fluorescence after addition of Triton X-100, 

and f is the fluorescence at any given time. Mucin dose response curves were assessed at 7.5 h. 

Confocal imaging. Image acquisition was performed using a confocal laser scanning microscope 

(LSM 800; Zeiss) equipped with a 63×/1.4 NA oil immersion or a 100×/1.4 NA oil immersion 

objective. Images were analyzed with Zeiss ZEN 2.1 imaging software. The excitation 

wavelengths for GFP and PI were 488 nm and 535 nm, respectively. 3D images of attached and 

non-attached cells were created with IMARIS 7.7.2. Plots were generated in GraphPad Prism. 

Quantification of bacterial aggregate volume was performed using COMSTAT (1.66). 

Examination of bacterial interactions with porcine burn wounds. Interactions between P. 

aeruginosa and full-thickness burn wounds were assessed as previously described (Roy et al. 

2014). Briefly, Female Yorkshire pigs (n = 4) weighing between 70 and 80 pounds were 

anesthetized and the dorsal trunk was shaved and surgically prepared. Under aseptic conditions, 

six 2”x2” inch full-thickness burn wounds were created on the back of the pig using an electrically 

heated burn device with controlled pressure delivery for 50 s. One day after the thermal injury, 
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mid-log phase cultures of P. aeruginosa were topically inoculated onto the wound site at a 

concentration of 1 x 105 CFU in 250 μL of 20% PF-127 (Sigma) prepared in phosphate-buffered 

saline with 0, 0.05% (0.5 mg/mL), or 0.5% (5.0 mg/mL) MUC5AC or 0.01% (0.1 mg/mL) 

MUC5AC glycans or monosaccharides. The inoculated and treated wound was rubbed with a 

sterile spatula for 30 s. On days 1 and 4 after inoculation, treatment was reapplied to the wound. 

On days 1 and 7 after inoculation, full-thickness wound-tissue biopsies were collected for 

microbiological analysis using a 6 mm sterile disposable punch biopsy tool. Treatments for each 

wound site were randomized, and not blinded. 

Viable bacterial counts were determined from three randomly selected 6 mm punch biopsies from 

each wound site. Biopsies were weighed and placed in separate sterile polypropylene culture test 

tubes containing 1 mL of PBS. All samples were homogenized with a Pro Scientific Bio-Gen 

Series Pro200 hand-held homogenizer for 45 s. The resulting solutions were serially diluted and 

plated on Pseudomonas Isolation Agar PIA-rifampicin (100 μg/mL) in at least triplicate and 

incubated at 37 °C overnight. CFU were calculated per gram of tissue. Since the data were not 

normally distributed, non-parametric Kruskal-Wallis one-way analysis of variance was used.  

All care of laboratory animals was in accordance with institutional guidelines, and approved by 

the Ohio State University Institutional Laboratory Animal Care and Use Committee (ILACUC) 

under protocol 2008A0012-R1. 

Statistical analysis. Unless noted otherwise, experiments were done with at least three biological 

replicates consisting of at least three technical replicates and results are presented as mean ± 

standard error. Statistical significance was assessed by an ordinary one-way ANOVA, followed 

by Dunnett’s multiple comparisons test, or a one-sample Student’s t test for normalized data unless 

otherwise noted. Adjusted p-values <0.05 were considered significant. 
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Figures  

 

Figure 2.1. Native whole mucus suppresses virulence traits in the opportunistic pathogen P. aeruginosa. a, The 

natural mucus barrier (left) hosts a diverse range of microorganisms while limiting infections at the mucosa. 

Mucins (middle) are the major structural component of mucus and are densely grafted with complex glycans 

(right). b, Defects in mucus production are associated with disease and biofilm formation. c, Representative 

images of green fluorescent protein (GFP)-expressing P. aeruginosa biofilms after 3 h treatment with either 

buffer or native mucus reveal that native intestinal mucus reduces the biomass of biofilm in the wild-type (WT) 

strain, but not in the flagellar mutant (ΔfliD). Similar results were observed in different fields of view across 

three independent replicates. Scale bar, 20 μm. d, Native intestinal mucus solutions disperse biofilm biomass 

into the planktonic state. Percentage dispersal is based on the ratio of planktonic cells to total biomass 

(planktonic cells + remaining biofilm cells). Data are from n = 12 (buffer) and n = 6 (intestinal mucus) 

biologically independent replicates. Data are mean ± s.e.m.; significance was assessed using two-sided 
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Student’s t-tests; ****P < 0.0001. e, Native mucus solutions suppress key virulence traits relative to mucus 

solubilization buffer. f, The depletion of intestinal mucus components of ≥100 kDa prevents biofilm dispersal. 

Supplementation of mucus filtrates with exogenous purified MUC2 partially restores biofilm dispersal. Data are 

mean ± s.e.m. and were calculated from six biologically independent replicates. g, The depletion of intestinal 

mucus components of ≥100 kDa results in increased expression of virulence genes. Supplementation of mucus 

filtrates with exogenous purified MUC2 partially restores the downregulation of virulence genes. *P < 0.05, 

**P < 0.01. h, The depletion of gastric mucus components of ≥100 kDa increases the expression of virulence 

genes. Supplementation of mucus filtrates with exogenous purified MUC5AC restores the downregulation of 

virulence genes. For e,g,h, data are log2-transformed qPCR measurements of relative gene expression (fold 

change (FC)); data are mean ± s.e.m. and were calculated from n = 6 (gastric mucus), n = 3 (intestinal mucus) 

and n = 3 (saliva) biologically independent replicates. For g,h, significance was assessed using two-sided 

Student’s t-tests followed by multiple comparison correction using the Holm–Sidak method. 
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Figure 2.2. Mucins are sufficient to attenuate P. aeruginosa virulence in vitro and in vivo. a, Gene expression 

was evaluated in liquid culture with or without the native mucin network. b, The predominant gel-forming 

mucins secreted into mucosal niches throughout the body. The sources of mucin used in this study are 

highlighted. c, MUC5AC and MUC5B elicit global transcriptional responses in P. aeruginosa PAO1. Fold-change 

data are average measurements. FDR-adjusted P values were determined using the Benjamini–Hochberg P-

value adjustment method. Data are from n = 6 (no mucin treatment), n = 3 (MUC5AC-treated) and n = 3 

(MUC5B-treated) biologically independent replicates. Correspondence plots of the fold-change values are 

provided in Figure S2.2. Principal component analysis of expression data is provided in Figure S2.13. The Venn 

diagrams contain the total number of genes that are differentially expressed (FDR-adjusted P < 0.05) after 

exposure to 0.5% w/v MUC5AC (purple) or MUC5B (orange). The significance of overlap was assessed using a 

hypergeometric test. Functional enrichment analysis of the non-overlapping regions of the Venn diagrams is 

provided Figure S2.2. d, Functional enrichment analyses identify key virulence pathways among 

downregulated genes. Significance of enrichment was assessed using one-sided Mann–Whitney U–tests, for 

which ranking was calculated on the basis of mean log2-transformed fold changes from n = 6 (no mucin 

treatment), n = 3 (MUC5AC-treated) and n = 3 (MUC5B-treated) biologically independent replicates. Bars, FDR-

adjusted P values. The red dashed line indicates FDR-adjusted P = 0.05. e, P. aeruginosa pathogenicity was 

evaluated in cell culture (containing a single human epithelial cell type, HT-29). f, Exposure to increasing 

MUC5AC concentrations inhibited P. aeruginosa attachment to HT-29 cells. The centre line indicates the 
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median, the box limits indicate the upper and lower quartiles and the whiskers indicate 1.5× the interquartile 

range. Data are from n = 7 (no MUC5AC), n = 4 (0.01% MUC5AC), n = 4 (0.05% MUC5AC), n = 4 (0.1% MUC5AC) 

and n = 7 (0.5% MUC5AC) biologically independent replicates. Significance was assessed in relation to the 

medium-alone control using ordinary one-way analysis of variance (ANOVA), followed by Dunnett’s multiple 

comparisons test; ***P < 0.001. g, MUC5AC protects HT-29 epithelial cells from death in a concentration-

dependent manner. Dotted lines indicate the 95% confidence interval for the dose-response curve. Data are 

based on bulk measurements of propidium iodide fluorescence 7.5 h after infection. Data are 

mean ± s.e.m.; n = 4 biologically independent replicates. IC50, half-maximum inhibitory concentration. h, 

MUC5AC maintains the intact epithelial cell monolayer and prevents the onset of HT-29 cellular rounding, 

bacterial attachment and HT-29 death. Representative confocal microscopy of HT-29 epithelial cells (bright 

field), GFP-expressing P. aeruginosa PAO1 cells (green) and propidium iodide staining (red) after exposing HT-

29 cells to P. aeruginosa for 5 h (top, medium alone) or 6 h (bottom, medium with MUC5AC) as indicated. 

Similar results were observed in different fields of view across three independent replicates. Scale bar, 20 μm. i, 

Bacterial viability was monitored in a live dermal wound model (containing living tissue, immune cells and 

secreted factors). j, Bacterial burden on porcine burn wounds decreases after treatment with 0.5% MUC5AC 

for 7 d. Symbols represent P. aeruginosa PAO1 burden on six individual biopsies collected from two pigs 

following no treatment (circle), treatment with 0.05% MUC5AC (square) or treatment with 0.5% MUC5AC 

(triangle). The centre bars indicate the mean bacterial burden. Significance was assessed using Kruskal–Wallis 

tests followed by Dunn’s multiple comparisons test. k, MUC5AC in isolation does not alter P. 

aeruginosa viability relative to medium alone. Data are mean CFU ± s.e.m., n = 3 biologically independent 

replicates. 

 



48 

 

 

Figure 2.3. The virulence systems suppressed by mucin are downstream of multiple distinct regulatory 

cascades, and regulation of these systems is independent of bacterial motility and aggregation. a, Mucin 

promotes a motile non-aggregated phenotype and suppresses virulence in P. aeruginosa PAO1. To determine 

whether the changes to virulence are caused by a shift in motility or aggregation, we monitored the virulence 

phenotype of non-motile (ΔmotABCD) and non-aggregative (Δpslpel) mutants after exposure to mucin. b, 

Downregulation of the expression of virulence genes by mucin does not require a shift in motility or 

aggregation, indicating that it is a parallel effect of mucin. Data are log2-transformed qPCR measurements of 

relative gene expression ± s.e.m.; n = 3 biologically independent replicates. Significance was assessed using 

two-tailed t-tests followed by Holm–Sidak correction for multiple comparisons; no significant difference in 

log2[fold change] was found between the WT and mutants. c, The virulence regulon of mucin is downstream of 

multiple interconnected regulatory cascades. d, CMC does not differentially regulate virulence genes. Data are 

log2-transformed qPCR measurements of relative gene expression ± s.e.m.; n = 3 biologically independent 

replicates. Significance was assessed using one-sample two-tailed t-tests followed by Bonferroni correction for 

multiple comparisons; no significant difference in log2[fold change] was found between CMC and medium 

alone. 
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Figure 2.4. Complex O-linked glycans are the major regulatory component of MUC5AC. a, Oligosaccharides 

released by alkaline β-elimination were resolved using capillary electrophoresis. The mucin glycan pool 

includes extended chains consisting of >7 residues (bottom). Top, glucose (Glc) polymer standards. b, 

Monosaccharide composition of mucin glycans was assessed using capillary electrophoresis (bottom). These 

mucin oligosaccharides are predominantly O-linked, as evidenced by the ratio of mannose (Man; N-linked) 

to N-acetylgalactosamine (GalNAc; O-linked). The red labels indicate the quantification standard maltose 

(Malt) and the migration standard galacturonic acid (GalA). Migration times for monosaccharide standards 

(top) were as follows: N-acetylgalactosamine, 4.5 min; N-acetylmannosamine (ManNAc) from N-

acetylneuraminic acid, 4.95 min; N-acetylglucosamine (GlcNAc), 5.26 min; mannose, 6.08 min; glucose (Glc), 

6.33 min; xylose (Xyl), 6.99 min; fucose (Fuc), 7.29 min; and galactose (Gal), 7.67 min. c, MALDI-TOF spectrum 

of O-linked glycans from MUC5AC. The complete list of O-linked glycan structures with experimental and 

theoretical masses is provided in Table S2.2. For a–c, similar results were observed in three independent 

replicates. d, Representative images of GFP-expressing P. aeruginosa biofilms after a 3 h treatment with 

medium alone, 0.01% mucin glycans or a 0.01% pool of monosaccharides. Glycan solutions reduce biofilm 

biomass in the WT strain, but not the flagellar mutant (ΔfliD). Similar results were observed in different fields 

of view across three independent replicates. Scale bar, 20 μm. e, Mucin glycans, but not monosaccharides, 
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disperse biofilm biomass into the planktonic state for the WT strain, but not the flagellar mutant (ΔfliD). Data 

are mean ± s.e.m.; n = 3 biologically independent replicates. Significance was assessed in relation to the 

medium-alone control using ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test. f, 

Mucin glycans inhibit bacterial attachment to human epithelial HT-29 cells. The centre line indicates the 

median, the box limits indicate the upper and lower quartiles and the whiskers indicate 1.5× the interquartile 

range. Data are from n = 6 (medium alone), n = 3 (MUC5AC glycans) and n = 6 (monosaccharides) biologically 

independent replicates. Significance was assessed in relation to the medium-alone control using ordinary one-

way ANOVA, followed by Dunnett’s multiple comparisons test. g, Relative size distributions of aggregates were 

identified using live 3D confocal microscopy and analysed using IMARIS. In medium alone and medium with 

monosaccharides, P. aeruginosa biomass is concentrated in large surface-associated aggregates, whereas 

MUC5AC glycans suppress the formation of aggregates. The centre line indicates the median, the box limits 

indicate the upper and lower quartiles and the whiskers indicate 1.5× the interquartile range. Data are average 

aggregate sizes compiled from six separate z-stacks. Significance was assessed using the Kruskal–Wallis test 

followed by Dunn’s multiple comparisons test. h, Low concentrations of MUC5AC glycans elicit a transcriptional 

response that positively correlates with transcriptional changes elicited by whole MUC5AC. Fold-change data 

are average measurements from three biologically independent replicates. Significance was assessed using a 

regression slope test. i, Free glycans suppress the same virulence pathways as whole mucin. The significance 

of enrichment was assessed using Mann–Whitney U–tests, for which ranking was calculated on the basis of 

mean log2-transformed fold changes from three biologically independent replicates. j, Growth is not altered by 

the presence of the monosaccharide components in mucin glycans. Data are mean optical density at 600 nm 

(OD600) ± s.e.m.; n = 3 biologically independent replicates. k, Complex mucin glycans, but not their 

monosaccharide components, induce expression changes in signature virulence genes. Data are qPCR 

measurements of relative gene expression ± s.e.m., n = 3 biologically independent replicates. l, Bacterial burden 

on porcine burn wounds decreases after treatment with 0.1% mucin glycans for 7 d. Symbols represent the 

burden of P. aeruginosa PAO1 on individual biopsies collected from burn wounds following no treatment 

(circle, n = 6), treatment with 0.1% MUC5AC glycans (square, n = 3) or treatment with 0.1% monosaccharides 

(triangle, n = 3). The centre bar indicates the mean bacterial burden. Significance was assessed in relation to 

the no-treatment control using Kruskal–Wallis tests followed by Dunn’s multiple comparisons test.  
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Chapter 3: Mucin glycans signal through the sensor kinase RetS to 

inhibit virulence-associated traits in Pseudomonas aeruginosa 

This chapter has been published in: Wang BX*, Wheeler KM*, Cady KC, Lehoux S, Cummings RD, 

Laub MT, Ribbeck K. Mucin glycans signal through the sensor kinase RetS to inhibit virulence-

associated traits in Pseudomonas aeruginosa. Current Biology. 2020.  

Supplementary information is provided in Appendix B. 

Abstract 

Mucus is a densely populated ecological niche that coats all non-keratinized epithelia, and plays a 

critical role in protecting the human body from infections. Although traditionally viewed as a 

physical barrier, emerging evidence suggests that mucus can directly suppress virulence-associated 

traits in opportunistic pathogens including Pseudomonas aeruginosa. However, the molecular 

mechanisms by which mucus affords this protection are unclear. Here, we show that mucins, and 

particularly their associated glycans, signal through the Dismed2 domain of the sensor kinase RetS 

in P. aeruginosa. We find that this RetS-dependent signaling leads to the direct inhibition of the 

GacS-GacA two-component system, the activity of which is associated with a chronic infection 

state. This signaling includes downregulation of the type VI secretion system (T6SS), and prevents 

T6SS-dependent bacterial killing by P. aeruginosa. Overall, these results shed light on how mucus 

impacts P. aeruginosa behavior in the human host, and may inspire novel approaches for 

controlling P. aeruginosa infections.  

Introduction 

Mucus, a viscous matrix that coats non-keratinized epithelial surfaces (Wagner et al. 2018), 

represents a critical interface for host-microbe interactions in the human body, serving as a home 

for trillions of our commensal microbes (Barko et al. 2018; Tropini et al. 2017), while 

simultaneously acting as the first line of defense against invading pathogens (Pelaseyed et al. 2014; 

Zanin et al. 2016). The ability of select pathogens to compromise the mucus barrier has been 

studied to some degree (Celli et al. 2009; Hews et al. 2017; In et al. 2016; Li et al. 2019; Liu et al. 

2008). However, the mechanisms by which healthy mucus protects against unwanted invaders are 

poorly understood (Figure 3.1A).  
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While mucus has historically been viewed as a simple physical barrier, recent work has suggested 

that mucins, the major gel-forming components of mucus, may be potent regulators of microbial 

behavior that can attenuate virulence in a variety of pathogens without affecting viability (Frenkel 

& Ribbeck 2015; Kavanaugh et al. 2014; Wheeler et al. 2019). For example, the opportunistic 

pathogen Pseudomonas aeruginosa chronically colonizes certain diseased mucus environments 

such as the cystic fibrosis (CF) lung (Oliver et al. 2000), but is generally unable to infect the mucus 

barriers of healthy individuals. Recent work has shown that exposure of P. aeruginosa to purified 

mucins triggers the suppression of many virulence pathways including quorum sensing and the 

type III secretion system (T3SS) (Wheeler et al. 2019), but the molecular mechanisms underlying 

this response have not been identified.  

Mucins are densely modified proteins with complex branched O-linked glycan structures, which 

represent up to 80% of the molecular mass of the mature glycoprotein (Brockhausen et al. 2009). 

These O-glycans are primarily built from five monosaccharide components (galactose, N-

acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose, sialic acid) that are 

assembled on a core serine- or threonine-bound GalNAc. This assembly process leads to 

remarkable glycan heterogeneity and diversity, with over 200 distinct structures identified on 

mucins (Jin et al. 2017). Thus, mucins represent a rich source of potential regulatory signals for P. 

aeruginosa and other bacteria, but if, and how, P. aeruginosa senses and responds to these mucus-

derived signals is unclear (Figure 3.1A).  

One possibility is that P. aeruginosa may sense mucin glycans via one of its many two-component 

systems. Two-component systems are typically comprised of a histidine kinase that senses an 

environmental signal and a cognate response regulator that triggers changes in gene expression 

(Capra & Laub 2012). Although the signals that activate many of the two-component systems in 

P. aeruginosa are unknown, the histidine kinase RetS may respond to sugars (Anantharaman & 

Aravind 2003), making it a candidate for sensing mucin glycans. RetS has been extensively studied 

for its role in inhibiting the GacS-GacA two-component system (Heeb & Haas 2001; Lapouge et 

al. 2008), a master regulator of virulence that induces gene expression changes associated with a 

chronic infection state (Goodman et al. 2004). Among these GacS-activated pathways is the Hcp 

Secretion Island I-encoded Type VI Secretion System (H1-T6SS) (Goodman et al. 2004), a needle-

like apparatus that directly injects proteinaceous toxic effectors into other bacteria (Hood et al. 

2010) (Figure 3.1B), and may contribute to P. aeruginosa fitness during chronic infections (Hood 
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et al. 2010; Mougous et al. 2006). However, the signals that GacS and RetS respond to have 

remained elusive (Figure 3.1C).  

Here, we identify mucin glycans as signals that promote the ability of RetS to directly inhibit 

GacS-GacA activity in the P. aeruginosa PA14 strain. We find that this signaling depends on both 

the signal-binding Dismed2 domain of RetS, as well as its cytoplasmic phosphorelay domains. In 

particular, we find that mucin glycan signaling downregulates the H1-T6SS and suppresses T6SS-

dependent bacterial killing by PA14 in a RetS-dependent manner. Collectively, these results 

provide new insights into the mechanisms by which signals in healthy mucus are sensed by 

pathogens to suppress virulence-associated behaviors, and may guide the design of new molecules 

for mitigating infections by problematic pathogens like P. aeruginosa. 

Results 

Mucins downregulate the type VI secretion system 

For P. aeruginosa, a chronic infection state is associated with activation of antagonistic factors 

such as the H1-T6SS (Goodman et al. 2004; Mougous et al. 2006; Wilton et al. 2016). However, 

it is unclear how the H1-T6SS is regulated in healthy mucus, in which P. aeruginosa is typically 

unable to establish chronic infections. To test how healthy mucus impacts the H1-T6SS, we 

cultured PA14, a hypervirulent strain, in a solution of whole mucus containing MUC5AC, an 

isoform of mucin found in mucosal niches exposed to P. aeruginosa, including the eyes, ears, and 

respiratory tracts (Demouveaux et al. 2018). We used qRT-PCR to quantify the levels of clpV1, 

an ATPase involved in the secretion of type VI effectors, and icmF1, which encodes a structural 

component of the secretion apparatus (Figure 3.1B). The levels of these representative H1-T6SS 

transcripts, which are present on two different operons in this locus, were both lowered by ~4-fold 

in whole mucus relative to mucus depleted of its high molecular-weight components (>100 kDa) 

by ultrafiltration (Figure 3.1D).  

These size-depleted components included mucin glycoproteins, the major structural and functional 

units of mucus, which are present at concentrations ranging from 0.2 – 5% w/v in various mucus 

samples (Leal et al. 2018). To determine if mucins are responsible for the H1-T6SS 

downregulation seen in whole mucus, we exogenously added natively purified MUC5AC back to 

mucin-depleted mucus, and then used qRT-PCR to measure the levels of clpV1 and icmF1. For 
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these experiments, we used a concentration of 0.5% w/v MUC5AC, which is the total mucin 

concentration in respiratory mucus (Henderson et al. 2014). We found that this addition of purified 

mucin to depleted mucus also triggered H1-T6SS suppression (Figure 3.1D), indicating that 

mucins are sufficient to downregulate the H1-T6SS in native mucus. The magnitude of changes 

(~3-4 fold) seen here with mucin are similar to changes in H1-T6SS levels seen in response to P. 

aeruginosa lysate (Le Roux et al. 2015). 

In addition to clpV1 and icmF1, the H1-T6SS locus contains 25 other genes. To determine the 

extent to which mucin regulates the full H1-T6SS locus, we performed RNA-sequencing on PA14 

exposed to 0.5% w/v purified MUC5AC for 5 hours in ABTGC medium (Chua et al. 2015). 

Isolated MUC5AC downregulated H1-T6SS genes by an average of 2.3-fold relative to a media 

control, with 18 of the 27 transcripts downregulated at least 2-fold (Figure 3.1E, Figure S3.1A). 

For comparison, five housekeeping genes were not substantially affected (>|2-fold|) by mucins 

(Figure 3.1E). To validate these RNA-seq results, we used qRT-PCR to measure the levels of 

clpV1 and icmF1 in cells exposed to purified mucins in ABTGC medium, and found that these 

transcripts were also downregulated at least 2-fold relative to a media control (Figure S3.1B). 

Taken together, these results suggest that mucins downregulate the majority of H1-T6SS genes in 

PA14.  

Mucins act through the sensor kinase RetS, resulting in the inhibition of GacS and the 

downstream Rsm pathway 

RetS is a sensor kinase that inhibits the H1-T6SS (Goodman et al. 2004) (Figure 3.1C). This 

protein contains an N-terminal periplasmic Dismed2 domain that has homology to carbohydrate-

binding proteins (Anantharaman & Aravind 2003), and could potentially respond to mucin 

glycoproteins. To determine if RetS can sense mucins, we generated a strain lacking RetS (ΔretS), 

and found the ability of mucins to downregulate clpV1 and icmF1 in this background was impaired 

(Figure 3.1F). Similarly, a variant of RetS lacking its periplasmic Dismed2 domain, which was as 

stable as full-length RetS protein (Figure S3.1C), failed to respond to mucin (Figure 3.1F).  

RetS controls H1-T6SS activity by inhibiting the GacS-GacA two-component system and the 

downstream Rsm pathway (Figure 3.1C). To test if mucins act through the Gac/Rsm pathway, we 

deleted key components of the pathway, namely GacS (ΔgacS), rsmY/Z (ΔrsmY/Z), and 

RsmA/RsmF (ΔrsmA/F), and exposed each of these strains to mucin. Mucin was unable to 
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downregulate H1-T6SS transcripts in any of these strains (Figure 3.1F), suggesting these 

components are essential to mucin-mediated suppression of the H1-T6SS. However, for the ΔgacS 

and ΔrsmY/Z strains, H1-T6SS levels may be low enough (Figure S3.1D) that mucin cannot further 

downregulate clpV1 or icmF1. To circumvent this limitation, we complemented the ΔrsmY/Z strain 

with a plasmid expressing rsmY from the constitutive lacUV5 promoter (ΔrsmY/Z + PlacUV5-rsmY), 

which restored clpV1 and icmF1 to approximately wild-type levels (Figure S3.1D) but removed 

GacS/GacA control of rsmY expression. Mucins were unable to downregulate the H1-T6SS in the 

ΔrsmY/Z + PlacUV5-rsmY strain (Figure 3.1F). By contrast, when the plasmid-borne copy of rsmY 

was expressed from its native promoter (ΔrsmY/Z + PrsmY-rsmY), mucin could still downregulate 

clpV1 and icmF1 (Figure 3.1F). Taken together, our results indicate that mucins act through RetS 

and the Gac/Rsm pathway to downregulate the H1-T6SS. 

Mucin glycans downregulate the H1-T6SS 

Given the homology of the RetS-Dismed2 domain to carbohydrate binding proteins, mucin-

derived glycans may be the component of mucins that activates RetS. To test this possibility, we 

isolated mucin glycans from MUC5AC by alkaline β-elimination. Using mass spectrometry, we 

identified ~70 glycan structures (Figure 3.2A), not including possible isomeric forms. The 

diversity and complexity of our library is similar to that of previously published human respiratory 

and porcine gastric mucin profiles (Jin et al. 2017; Xia et al. 2005). Specifically, glycans were 

predominantly built on core 2 [Galβ1-3(GlcNAcβ1-6)GalNAcα1-] and core 1 (Galβ1-

3GalNAcα1-) structures, with the most abundant species including the unmodified core 1 structure, 

the unmodified core 2 structure, the fucosylated core 1, galactose-extended core 1, fucosylated 

core 2, and galactose-extended core 2 (Jin et al. 2017; Xia et al. 2005). These glycans offer a rich 

source of potential signals that may activate RetS. Indeed, exposure to 0.1% w/v of this mucin 

glycan pool was sufficient to downregulate clpV1 and icmF1 (Figure 3.2B). We also measured 

T6SS transcript levels following exposure to a pool of 0.1% monosaccharides representing those 

present in mucin. The monosaccharide pool did not suppress clpV1 or icmF1 (Figure 3.2B), 

suggesting that the complex structures of mucin glycans are critical to their function. 

To determine the extent to which free mucin glycans recapitulate the potency of intact mucins, we 

used RNA-seq to quantify the effects of 0.1% glycans on the full H1-T6SS locus. Similar to the 

suppression of H1-T6SS seen with intact mucins (Figure 3.1E), H1-T6SS genes were 
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downregulated by an average of 2.6-fold in the presence of glycans, with 18 of the 27 genes 

downregulated >2-fold (Figure 3.2C, Figure S3.2A). Beyond the H1-T6SS, there was also a 

significant correlation (r = 0.66, p < 0.0001) between the gene expression profiles in response to 

mucin and glycans, indicating that glycans are largely responsible for the gene expression changes 

induced by mucin (Figure 3.2D). Further, using p-nitrophenol (pNP) bound to the core 

monosaccharides GalNAc, GlcNAc, and Gal, we found PA14 possesses glycosidase activity that 

is strongly stimulated (>5-fold) by the presence of mucin (Figure S3.2B), suggesting that PA14 

can, in principle, release glycans from the mucin backbone, as has been observed in other P. 

aeruginosa strains (Aristoteli & Willcox 2003).  

To further characterize the response to mucin glycans, we measured clpV1 and icmF1 levels at 

multiple glycan concentrations, and found that serially diluted glycans downregulated these 

transcripts in a dose-dependent manner (Figure 3.3A). Further, glycans suppressed clpV1 

expression at multiple time points throughout exponential phase (Figure 3.3B), suggesting that the 

glycan response is prolonged and not an artifact of a particular time point.  

PA14 is a lab-adapted strain, and may exhibit altered gene expression profiles compared to other 

P. aeruginosa isolates. To determine if other strains can also respond to mucin glycans, we 

measured clpV1 and icmF1 levels in a variety of P. aeruginosa isolates exposed to these signals. 

Mucin glycans downregulated these H1-T6SS transcripts in the majority of strains tested, 

specifically in another laboratory strain (PAO1), an environmental isolate (MSH1), a urinary tract 

infection isolate (S54485), and multiple CF isolates (FRD1, CEC73) (Figure 3.3C). By contrast, 

the ability of mucin glycans to downregulate clpV1 and icmF1 was partially impaired in the CF 

isolate CF127, and was completely ablated in the CF isolate C078C (Figure 3.3C), which harbors 

mutations in the GacS/RetS pathway that likely prevent this strain from responding to RetS-acting 

signals (Perault et al. 2020).  

Signaling through RetS and GacS was previously found to trigger gene expression changes within 

30 minutes (Le Roux et al. 2015). To determine how quickly the H1-T6SS is downregulated in 

response to mucin glycans, we performed RNA-seq on PA14 exposed to glycans for 15 minutes 

(Figure S3.2C) following growth to mid-exponential phase, when the H1-T6SS is maximally 

expressed in the absence of glycans (Figure 3.3B). We found that the H1-T6SS locus was 

downregulated by an average of ~2-fold after 15 minutes of glycan exposure (Figure 3.3D). To 
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confirm these RNA-seq results, we used qRT-PCR to measure clpV1 and icmF1 levels after 

incubation with glycans for 15 minutes, and also observed a ~2-fold downregulation (Figure 

S3.2D). These results indicate that mucin glycans rapidly downregulate the H1-T6SS. 

Mucin glycans signal through the periplasmic Dismed2 and cytoplasmic phosphorelay 

domains of RetS 

To confirm that liberated mucin glycans, like their intact mucin counterparts, also act through 

GacS and RetS, we incubated glycans with the ΔgacS, ΔretS, and signal-blind RetS(ΔDismed2) 

strains, and measured H1-T6SS transcripts with qRT-PCR. As with intact mucins, soluble mucin 

glycans were no longer able to downregulate clpV1 or icmF1 in any of these mutants (Figure 3.4A), 

confirming that both GacS and the sensory domain of RetS are necessary for glycan signaling. 

Although these results indicate that mucin glycans inhibit the GacS pathway by activating RetS, it 

is unclear how this signaling event is conveyed through these two histidine kinases at a molecular 

level. Because GacS activity depends on its phosphorylation state, we investigated the role of the 

three phosphorelay domains in RetS, which were described to modulate GacS activity in other P. 

aeruginosa strains (PA103, PAK, PAO1) to varying degrees (Francis et al. 2018; Goodman et al. 

2009; Laskowski & Kazmierczak 2006), but have not been investigated in PA14. Specifically, we 

mutated a conserved residue of the DHp/CA domain to ablate potential phosphatase activity 

(T428R), and conserved residues in the two tandem receiver domains to prevent RetS from 

siphoning phosphoryl groups from GacS (D713/715A, D858A) (Figure 3.4B). After confirming 

that these mutations did not affect RetS stability (Figure S3.3A), we measured GacS activity in 

these mutants by using qRT-PCR to quantify H1-T6SS transcript levels (Figure S3.3B), and by 

using an rsmY-lacZ reporter (Figure S3.3C). These assays revealed that both the DHp/CA and 

second receiver domains of RetS are critical for GacS inhibition in PA14. Furthermore, the ability 

of RetS(D858) to siphon phosphate from GacS was confirmed using in vitro phosphorylation 

assays (Figure S3.3D).  

Having confirmed the roles of the RetS phosphorelay domains in PA14, we then tested the 

involvement of these domains in glycan signaling. We found that the ability of mucin glycans to 

downregulate clpV1 and icmF1 was impaired in all three RetS point mutants to varying degrees, 

with the RetS(D858A) mutant displaying the strongest loss of glycan-induced T6SS suppression 

(Figure 3.4C). Overall, these results are consistent with a model in which glycans stimulate RetS 
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to directly siphon phosphate from GacS and to act as a phosphatase, which leads to decreased 

GacS activity and H1-T6SS suppression. 

Mucin glycan signaling through RetS affects the RetS regulon 

To confirm that glycans downregulate the full H1-T6SS locus in a RetS-dependent manner, we 

performed RNA-seq on the signal-blind RetS(ΔDismed2) and RetS(D858A) strains following 

exposure to mucin glycans (Figure S3.4A-B). While glycans downregulated the H1-T6SS genes 

by ~2.6-fold on average in the wild type, this locus was no longer downregulated by glycans in 

either RetS mutant (Figure 3.4D, Figure S3.4C).  

RetS controls the expression of dozens of other genes beyond the H1-T6SS, many of which are 

uncharacterized but may be associated with chronic infections (Goodman et al. 2004). To 

determine if the expression of these genes is also altered by mucin glycans, we compared gene 

expression profiles of glycan-exposed wild-type cells to the published expression profile of the 

ΔretS strain (Goodman et al. 2004). These two profiles were inversely correlated (r = -0.57, 

p<0.0001), as glycans inhibit GacS, whereas a deletion of retS activates GacS (Figure S3.4D). To 

confirm that these glycan-induced changes were indeed RetS-dependent, we also compared the 

gene expression profiles of glycan-exposed RetS(ΔDismed2) and RetS(D858A) cells to the 

published ΔretS regulon, and found that there was no longer a significant correlation (Figure 

S3.4E). 

Previous work using retS and rsmA deletions has also suggested that activation of RetS and RsmA 

may upregulate the expression of genes associated with acute infections, including those that 

encode lipase (PA14_27100), rhamnolipids (PA14_19100-19110), and the T3SS (PA14_42250-

42660) (Goodman et al. 2004; Heurlier et al. 2004). However, unlike the H1-T6SS, the mechanism 

by which RetS controls these acute infection genes is unclear, as these transcripts are not direct 

targets of RsmA/F binding (Brencic & Lory 2009). Further, our results indicate that RetS 

activation by mucin and mucin glycans does not substantially upregulate (>2-fold) these acute 

infection genes/operons on average, and may even downregulate some of these transcripts. This 

discrepancy suggests that completely deleting retS may indirectly alter the expression of some 

additional genes that are not strongly affected when stimulating RetS with a signal. In agreement 

with this model, RetS-signaling by P. aeruginosa lysate also triggered changes in H1-T6SS levels 

without altering the expression of acute infection genes (Le Roux et al. 2015).  
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A previous study reported that mucins regulate other pathways in addition to the H1-T6SS, many 

of which are virulence-associated (Wheeler et al. 2019). To determine if these pathways were also 

regulated via RetS, we performed gene set enrichment analysis on the glycan-regulated genes of 

the wild-type, RetS(ΔDismed2), and RetS(D858A) strains. Of all the pathways significantly 

enriched in the wild-type strain following glycan exposure, the H1-T6SS was the only pathway 

not enriched in either RetS mutant (Figure 3.4E, Figure S3.5). By contrast, all other pathways were 

differentially expressed in the wild-type and both RetS mutants (Figure 3.4E, Figure S3.5).  

Overall, these findings demonstrate that glycans act specifically through RetS to suppress H1-

T6SS and the majority of the RetS regulon, but act through different pathways to control RetS-

independent phenotypes. 

A subset of mucin glycans that do not require fucose or sialic acid is sufficient to 

downregulate the H1-T6SS 

We next sought to narrow down the active glycans that are responsible for H1-T6SS suppression. 

We first tested the small number of commercially-available sugar moieties present in mucin 

glycans, namely the core 1 structure, N-Acetyl-D-lactosamine (lacNAc), and the oligosaccharides 

(GlcNAc)2 and (GlcNAc)3. None of these di- or trisaccharides downregulated H1-T6SS transcripts 

when used in isolation (Figure S3.6A), which may indicate that these synthesized structures differ 

slightly from their purified counterparts, for example, due to differences in mutarotation and 

isomer formation (Collins & Ferrier 1995), that a combination of glycans is needed to 

downregulate the H1-T6SS, and/or that this small collection of commercial sugars does not include 

the active glycans responsible for H1-T6SS suppression.  

To circumvent the limited availability of commercial glycans, we instead used chemical methods 

to fractionate our purified glycans. Mucin glycans are primarily built on either a linear core 1 

(Galβ1-3GalNAcα1-) or branched core 2 (Galβ1-3(GlcNAcβ1-6)(GalNAcα1-) structure. Often, 

these glycans are further elongated with additional galactose or lactosamine units (Gal-GlcNAc) 

that are modified with terminal sialic acid and/or fucose. To determine if these terminal moieties 

are essential for signaling, we applied partial acid hydrolysis to the glycan pool. Sialic acid is 

removed by hydrolysis at 0.1 M trifluoroacetic acid (TFA) and fucose is removed by 1 M TFA, 

while the core structures are resistant to acid hydrolysis (Guttman 1997). We identified putative 

structures of the 1M TFA-treated glycans by mass spectrometry (Figure 3.5A-B). Acid treatment 
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generated shorter glycans, with the average number of monosaccharides per glycan decreasing 

from 4.46 in the untreated pool to 2.65 in the acid-treated sample (Figure 3.5C). Glycans in both 

the untreated and acid-treated pools retained high levels of the acid-resistant core 1 and core 2 

structures (Figure 3.5D). By contrast, acid-treated glycans had substantially less fucose and sialic 

acid compared to the untreated pool (Figure 3.5E).  

Notably, acid-treated glycans were at least as potent as the diverse pool, triggering a strong 

downregulation of clpV1 and icmF1 (Figure 3.5F). Thus, it is likely that glycans do not require 

fucosylation or sialylation to function as a signal. To confirm that the active signal is an intact 

glycan, and not an acid-released monosaccharide, we fractionated the 1 M TFA-treated glycans 

through a Hypercarb cartridge, which retains intact glycans but not monosaccharides or salts 

(Packer et al. 1998). The composition of the glycan pool before and after Hypercarb purification 

was similar, suggesting that most intact glycans were successfully retained by the column (Figure 

S3.6B). These Hypercarb-retained glycans downregulated clpV1 and icmF1 to the same extent as 

the unseparated glycans (Figure 3.5F), suggesting that the active signal is indeed an intact glycan. 

Overall, these results indicate that a small subset of mucin glycans enriched in core structures and 

lacking fucose and sialic acid is sufficient for H1-T6SS suppression.  

Mucin glycans suppress T6SS-mediated killing by PA14 through RetS 

Downregulation of the H1-T6SS by mucin glycans should lead to decreased bacterial killing by 

PA14. To test this prediction, we used an established T6SS killing assay involving the co-

incubation of PA14 and E. coli (Le Roux et al. 2015). In the absence of glycans, co-incubation of 

PA14 and E. coli led to substantial killing of E. coli (Figure 3.6A, Figure S3.7A). Deleting a critical 

structural component of the H1-T6SS (ΔicmF1) abrogated killing (Figure 3.6A, Figure S3.7A), 

confirming that E. coli killing was dependent on the H1-T6SS. Strikingly, the addition of mucin 

glycans abolished E. coli killing to a similar extent as the ΔicmF1 mutant (Figure 3.6A, Figure 

S3.7A). To determine if this loss of killing was dependent on the T6SS or occurred through an 

independent pathway, we repeated the competition between E. coli and the ΔicmF1 strain in the 

presence of glycans, and found that glycans did not further increase E. coli survival in this 

competition (Figure 3.6A, Figure S3.7A). 

Because H1-T6SS downregulation by glycans was abolished in both the RetS(ΔDismed2) and 

RetS(D858A) mutants (Figure 3.4D, Figure S3.4C), we reasoned that glycans would no longer be 
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able to rescue T6SS-mediated killing of E. coli by PA14 in these mutant strains. To test this 

hypothesis, we performed killing assays between E. coli and these PA14 mutants in the presence 

or absence of glycans. The RetS(D858A) mutation leads to hyper-activation of the T6SS (Figure 

S3.3B-C), and accordingly we observed a drastic loss in E. coli viability compared to competitions 

with wild-type PA14 (Figure S3.7B). Notably, glycans were no longer able to rescue E. coli 

survival when co-cultured with either RetS mutant (Figure 3.6B), confirming that glycans act 

through both the Dismed2 and second receiver domains of RetS to suppress T6SS-mediated 

killing. 

To determine if mucin glycans can prevent P. aeruginosa from killing other lung-dwelling 

microbes, which may be more physiologically relevant than the P. aeruginosa-E. coli model 

system, we repeated the T6SS phenotypic assays with Burkholderia cenocepacia, an opportunistic 

pathogen that invades CF airways. As with the E. coli competitions, we found that PA14 could kill 

B. cenocepacia in a T6SS-dependent manner, as a deletion of icmF1 in PA14 diminished killing 

(Figure 3.6C, Figure S3.7C). Strikingly, we found that mucin glycans also rescued B. cenocepacia 

from T6SS-mediated killing by P. aeruginosa (Figure 3.6C, Figure S3.7C). To confirm that this 

rescue was dependent upon RetS, we repeated the P. aeruginosa- B. cenocepacia competitions 

using the RetS(ΔDismed2) and RetS(D858A) mutants. As with the E. coli competitions, we found 

that glycans were unable to protect B. cenocepacia from killing when this microbe was co-cultured 

with either RetS mutant (Figure 3.6D, Figure S3.7D). Together, these results suggest that mucin 

glycans prevent P. aeruginosa from killing other lung-dwelling microbes using it T6SS in a RetS-

dependent manner. 

Discussion  

Recent work indicates that mucus contains potent signals that influence microbial gene expression 

and behavior (Frenkel & Ribbeck 2015; Kavanaugh et al. 2014; Wheeler et al. 2019). However, 

the molecules in mucus and the mechanisms by which bacteria sense and respond to these signals 

have remained unclear. Here, we demonstrate that mucin glycans signal through the sensor kinase 

RetS via its Dismed2 sensory domain in P. aeruginosa. This signaling promotes the ability of RetS 

to inhibit GacS, likely by siphoning phosphate from GacS and by acting as a phosphatase. Mucin 

glycans induce changes in the expression of the majority of the RetS regulon, with the exception 

of acute infection genes which are not directly regulated by the downstream Rsm pathway. This 
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signaling includes the downregulation of the H1-T6SS, which prevents T6SS-dependent bacterial 

killing by P. aeruginosa in a RetS-dependent manner.  

While our results indicate that a small subset of mucin glycans suppresses the H1-T6SS, previous 

work has shown that P. aeruginosa releases an unidentified “danger signal” upon lysis that acts 

through RetS to instead activate the H1-T6SS in kin cells (Le Roux et al. 2015). One intriguing 

hypothesis is that the original purpose of RetS was to sense this self-produced signal to activate 

the virulence program of P. aeruginosa, but environmental signals, such as those found mucus, 

can antagonize the activity of self-produced signals and suppress these same virulence-associated 

traits. In this way, perhaps mucin glycans can be considered host-produced “safety signals” that 

suppress bacterial antagonism and instead promote microbial co-existence (Figure 3.7). Indeed, 

our observation that mucin glycans reduce T6SS-dependent killing in phenotypic assays may help 

explain the inability of P. aeruginosa to invade and displace communities found in healthy mucus.  

We expect that other environmental signals outside of mucus may also signal through RetS. 

Previous work has shown that Dismed2 homologs recognize multiple glycans including a variety 

of plant polysaccharides (Boraston et al. 2003; Ficko-Blean & Boraston 2009; Fouquaert & van 

Damme 2012; van Bueren & Boraston 2007). This may suggest that providing a source of 

competing signals is a general strategy employed by hosts to respond to the presence of 

problematic microbes like P. aeruginosa. Indeed, our finding that mucin glycans downregulate the 

H1-T6SS in a variety of P. aeruginosa isolates, including those that are never exposed to mucins, 

raises the possibility that this pathway is primed to respond to widespread environmental sugars 

that resemble mucin glycans.  

Our observation that P. aeruginosa downregulates its T6SS in response to mucin is reminiscent of 

how Vibrio species modulate T6SS activity in response to chitin. Upon sensing chitin, Vibrio 

secretes chitinases that release smaller GlcNAc chains from this insoluble polymer (Li & Roseman 

2004). These smaller species are imported across the outer membrane through a specific porin 

(ChiP) (Aunkham et al. 2018), and then bind to a soluble periplasmic carbohydrate binding protein 

(CBP) (Suginta et al. 2018), which in turn activates the ChiS histidine kinase and modulates T6SS 

activity (Chourashi et al. 2018). Whether P. aeruginosa responds to mucin in a similar way remains 

to be seen. In particular, a mechanistic understanding of if and how P. aeruginosa releases glycans 

from the mucin backbone and then transports them across the outer membrane will be an important 
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area of future research. In addition, while our results indicate that mucin glycan signaling is 

dependent upon the periplasmic RetS-Dismed2 domain, further experiments are needed to probe 

if the predicted glycan binding sites of Dismed2 bind to mucin glycans directly, or if mucin glycans 

activate RetS by a different mechanism. Intriguingly, RetS likely forms higher order oligomeric 

structures across the inner membrane with other histidine kinases including GacS (Mancl et al. 

2019), LadS (Chambonnier et al. 2016) and PA1611 (Kong et al. 2013). How mucin glycans signal 

through RetS-Dismed2 in the context of these multiprotein membrane complexes to affect their 

structure and function remains to be seen. 

P. aeruginosa is proficient at invading and displacing microbial communities in the CF lung, and 

previous work has suggested that CF lung mucin may promote biofilm formation, aggregation, 

and antibiotic resistance in this niche (Fung et al. 2010; Landry et al. 2006; Staudinger et al. 2014). 

Why CF mucus no longer retains the ability to attenuate virulence remains an open question. One 

possibility is that the partial dehydration of mucus (Mall et al. 2004) and increased concentrations 

of mucins or extracellular DNA found in CF lung mucus (Henderson et al. 2014; Henke et al. 

2004) may create geometric constraints or trigger gene expression changes that induce aggregation 

(Secor et al. 2018). Alternatively, the extensive degradation of mucins associated with chronic 

airway disease (Henderson et al. 2014) may cause them to lose their virulence-suppressing 

function. Furthermore, changes to mucin glycosylation may hinder the virulence-suppressing 

response documented here. For example, some studies have reported increased sialyation and 

distinct glycosylation patterns in the mucus of individuals with CF (Davril et al. 1999; Scanlin & 

Glick 1999; Xia et al. 2005). In turn, terminal sugars may limit access to the T6SS-supressing 

glycans observed in this work, which are enriched in core structures. In addition, the accumulation 

of RetS/GacS pathway mutations in CF clinical isolates may prevent these strains from responding 

to mucin glycans (Marvig et al. 2015; Perault et al. 2020).  

Although we have shown that glycans suppress H1-T6SS through RetS, other virulence-associated 

pathways are also downregulated by mucins and glycans independently of RetS, including other 

secretion systems, quorum sensing, and phenazine biosynthesis (Figure 3.4E). As there are 

hundreds of distinct glycan structures, as well as dozens of known receptors in P. aeruginosa, 

further work is needed to identify the relevant glycans and receptors that may be involved in each 

of these responses. 
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The ability of mucin glycans to activate a bacterial receptor suggests that the host provides a rich 

source of signals that can be perceived by microbes. Consistent with this hypothesis, mucin 

glycans built on the core 2 structure prevent pathogenic E. coli invasion into a colonic cell line (Ye 

et al. 2015), suggesting that the virulence-attenuating effects of mucin glycans are not exclusive 

to P. aeruginosa. Furthermore, purified mucins attenuate virulence in the Gram-positive 

Streptococcus mutans (Frenkel & Ribbeck 2015) and the fungal pathogen Candida albicans 

(Kavanaugh et al. 2014), but specific mucin-sensing receptors have not been identified in these 

species. Ultimately, the large assortment of receptors across these phylogenetically distant species, 

combined with the rich diversity of mucin glycans, underscores the enormous signaling potential 

that is housed within mucus. An understanding of the molecular mechanisms driving these 

signaling events and identification of specific bioactive glycans may inspire the design of novel 

therapeutics. Further, unlike traditional antibiotic treatments that kill bacteria, glycan-inspired 

therapeutics may control infections by downregulating virulence pathways without affecting 

microbial viability, thus mitigating the selective pressure that drives antibiotic resistance. 
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Materials and Methods 

Strains and growth conditions. P. aeruginosa, E. coli, and B. cenocepacia strains were all grown 

overnight in LB at 37 oC under shaking conditions. For all assays, strains were grown the next day 

in ABTGC medium (15.1 mM ammonium sulfate, 33.7 mM sodium phosphate dibasic, 22.0 mM 

potassium dihydrogen phosphate, 0.05 mM sodium chloride, 1 mM magnesium chloride, 100 μM 

calcium chloride, 1 μM iron (III) chloride, supplemented with 0.2% glucose, and 0.2% casamino 

acids) (Chua et al. 2015) at 37 oC, unless otherwise indicated. When applicable, antibiotics were 

added at the following concentrations: for E. coli, 10 μg/mL tetracycline, 20 μg/mL gentamycin, 

and 100 μg/mL carbenicillin, for P. aeruginosa, 100 μg/mL tetracycline, 75 μg/mL gentamycin, 

45 μg/mL trimethoprim, and for B. cenocepacia, 1000 μg/mL kanamycin. Strains, plasmids, and 

primers used are listed in Tables S3.1-S3.3.  

General cloning procedures. Chromosomal-based modifications in P. aeruginosa (deletions, 

insertions, and point mutations) were done with allelic exchange using the suicide vectors pEXG2 

and pMQ30, which both confer gentamycin resistance and sucrose sensitivity. In general, vectors 

were made by Gibson assembly (N.E.B) and transformed into S17 E. coli on LB with appropriate 

antibiotics. S17 strains were then grown up to OD600 ~ 0.6. At the same time, the relevant P. 

aeruginosa strains were incubated at 42 oC for at least 2 hours. Then, 1.5 mL of S17 and 0.5 mL 

of P. aeruginosa were mixed, spun down, and resuspended in 100 μL LB. This mixture was then 

pipetted onto the center of a plain LB plate and grown overnight at 30 oC for mating to occur. The 

mixture was then isolated and re-suspended in 1 mL PBS, with dilutions of this solution plated on 

Pseudomonas isolation agar (PIA) supplemented with the appropriate antibiotics. Single colonies 

were then streaked on LB plates supplemented with 15% sucrose for counter selection. Colonies 

from the sucrose plates were then patched onto plain LB plates and subjected to colony PCR; 

clones with the correct constructs were collected and stored at -80 °C. 

Plasmid and reporter construction. The pEXG2 allelic exchange vector was used to generate the 

Rsm deletion strains, the icmF1 mutant, as well as the RetS(ΔDismed2) chromosomal construct. 

In this case, fragments corresponding to regions ~500-1000 bases upstream and downstream from 

each deleted sequence were PCR amplified from PA14 gDNA. Primers were designed so that the 

upstream and downstream fragments had ~20-30 bp overlap regions, and so that each fragment 

also overlapped by ~20-30 bp with the pEXG2 vector. Next, fragments were cloned into the 
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pEXG2 vector via Gibson assembly (N.E.B) using overlapping regions between the two fragments, 

and between each fragment and the vector. After sequence confirmation, assembled vectors were 

electroporated into S17 cells and mated with WT PA14. Colony PCR was performed on single 

colonies from the LB+15% sucrose plates, and those with the correct deletions were re-streaked 

onto plain LB plates. Complementation of the rsmY/Z deletion was done by expressing rsmY from 

either a constitutively active lacUV5 promoter or its native promoter on the pPSV38 plasmid. After 

sequence confirmation, the pPSV38-rsmY plasmid was electroporated into S17 cells and subjected 

to the same procedures described above, with the rsmY/Z deletion used during mating.  

Deletions of retS, gacS, and hptB were made by allelic exchange using the suicide vector pMQ30. 

Briefly, regions corresponding to ~500-1000 bases upstream and downstream of these genes were 

amplified from PA14 gDNA. Primers were designed so that the two amplified fragments had ~20-

30 bp of overlap, and so that both fragments had ~20-30 bp of overlap with the pMQ30 vector. 

Fragments were then assembled with linearized pMQ30 in yeast. Sequence verified plasmids were 

then transformed into S17 and subjected to the same procedures described above, with wild-type 

PA14 used during mating. 

The pMQ30 allelic exchange vector was also used to generate chromosomal point mutations in 

retS. However, in this case, primers were designed so that the overlapping region between the 

upstream and downstream fragments contained the relevant point mutations. Fragments were then 

amplified from PA14 gDNA and combined with linearized pMQ30 in yeast. Subsequent steps 

were identical to that described above, except that plasmids were conjugated into a ΔretS strain to 

introduce mutant retS sequences at the native chromosomal locus. 

The pEXG2 suicide vector was also used to add chromosomal 3x-FLAG tag to RetS variants. 

Briefly, an ~1.3 kb fragment comprising ~650 bases upstream and downstream of the desired 3x-

FLAG integration site was amplified from PA14 gDNA and put into pEXG2 by Gibson assembly 

(N.E.B). Then, around-the-horn PCR was used to add the nucleotide sequence encoding a 3x-

FLAG tag at the desired site in the assembled vector by putting each half of the 3x-FLAG tag 

region on the forward and reverse primers. The rest of the procedure was identical to that described 

above for construction of RetS(ΔDismed2), except that the P. aeruginosa strains used for mating 

were different, depending on the desired background. Colony PCR was performed on individual 

clones from the LB+15% sucrose plates to check for integration of the 3x-FLAG tag. 
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For the RetS(D858A)-3xFLAG construct, the D858A mutation introduced was within the region 

used for recombination. As such, around-the-horn PCR was used to generate the D858A mutation 

on the assembled pEXG2-RetS-3xFLAG vector by designing a forward primer containing the 

mutation at the 5’ end. 

The rsmY-lacZ chromosomal reporters were made using the previously published pCTX-rsmY-

lacZ plasmid (Hoang et al. 2000). Briefly, the plasmid was transformed into electrocompetent S17 

E. coli cells and mated with the relevant P. aeruginosa strains. Single colonies that appeared on 

PIA supplemented with tetracycline were then picked, re-streaked on LB-tetracycline plates, and 

subjected to colony PCR to confirm integration of the rsmY-lacZ construct. 

Expression vectors for protein purification were made using the pENTR-TOPO gateway cloning 

kit (ThermoFisher). Briefly, GacSc and RetSc sequences were amplified from PA14 gDNA, with 

a ‘CACC’ sequence added to the 5’ end of each forward primer. PCR products were then incubated 

with the pENTR vector according to the Topo kit instructions, and then transformed into 

chemically competent DH5α E. coli cells. After sequence verification, the correct pENTR vectors 

were subjected to a LR recombination reaction with either ML333 or ML310 destination vectors 

using the Gateway LR Clonase II enzyme mix (ThermoFisher). Sequence verified plasmids were 

transformed into BL21 E. coli cells for protein expression.  

To generate point mutations of RetS for in vitro assays, primers were designed so that the mutation 

of interest was located near the middle of both forward and reverse primers. Mutations were then 

generated by using a Quikchange site-directed mutagenesis protocol (Agilent). Sequence verified 

plasmids were transformed into BL21 E. coli cells for protein expression. 

Mucus experiments. Mucus was scraped from fresh pig stomachs and solubilized (1 g scrapings 

to 5 mL) in 10 mM phosphate buffer pH 7.0 with 0.2 M sodium chloride and protease inhibitors 

(5 mM Benzamidine HCl, 1 mM dibromoacetophenone, 1 mM phenylmethylsulfonylfluoride 

(PMSF), and 5mM EDTA at pH 7) and 0.04% sodium azide (Sigma). Cellular debris and food 

waste was removed via low-speed centrifugation, 8000 x g, (7,000 rpm Sorvall GS-3 rotor), for 30 

minutes at 4 °C. Mucus was depleted of its high molecular weight components with Amicon ultra 

centrifugal 100 kDa filters (Sigma).  

Batch cultivation of Pseudomonas aeruginosa PA14 was carried out shaking at 37 °C in LB 

(Difco). For whole-mucus experiments, overnight cultures of PA14 were diluted 150-fold into 
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ABTGC medium (Chua et al. 2015) and grown shaking at 37 °C for 3.5 h. Thirty microliters of 

these cultures were exposed to 30 μL of solubilized mucus, depleted mucus, or depleted mucus 

with purified mucin added back for 1.5 h at 37 °C in a static 96-well microtiter plate (Greiner). 

Mucin purification. This study used native porcine gastric mucins (MUC5AC). Mucus was 

scraped from fresh pig stomachs, solubilized in sodium chloride buffer (described above), and 

insoluble material was removed by ultracentrifugation at 190,000 x g RCF for 1 hr at 4 °C (40,000 

rpm, Beckman 50.2 Ti rotor with polycarbonate bottles). Mucus was then clarified and desalted 

with disposable PD-10 desalting columns (GE). Mucins were isolated using size-exclusion 

chromatography on a Sepharose CL-2B column. Mucin fractions were identified based on 

absorbance at 280 nm, then desalted and concentrated with an Amicon stirred cell pressure-based 

concentrator (Sigma) with an Omega ultrafiltration 100 kDa membrane disc filter (Pall). Purified 

mucins were then lyophilized for storage at -80 °C. Lyophilized mucins are reconstituted by 

shaking them gently at 4 °C overnight in the desired medium. Mass spectrometry is routinely used 

to monitor the composition of purified mucin extracts, which confirms that mucin extracts purified 

from porcine stomach mucus are composed predominantly of MUC5AC, with small quantities of 

MUC2, MUC5B, and MUC6, histones, actin, and albumin (Caldara et al. 2012). 

Mucin glycan isolation. This study applied non-reductive alkaline β-elimination ammonolysis to 

dissociate non-reduced glycans from commercially available pig gastric mucins (Sigma). Mucins 

were added to 1x PBS at a ratio of 30 mg per mL and insoluble material was removed by low-

speed centrifugation, 8000 x g, (7,000 rpm Sorvall GS-3 rotor), for 20 minutes at 4 °C. Mucins 

were then precipitated with 60% (v/v) ethanol, collected by centrifugation, and dissolved in 400 

mL water. Dissolved mucin was then desalted and concentrated with an Amicon stirred cell 

pressure-based concentrator (Sigma) with 100 kDa membrane filter disc (Pall), and lyophilized. 

Lyophilized mucins were dissolved in 30-32% ammonium hydroxide solution (Sigma) saturated 

with 30% w/v ammonium carbonate and incubated at 60°C for 48 h to release oligosaccharide 

glycosylamines and partially deglycosylated mucins. For all steps, mucin and glycans are 

dissolved at a concentration of 30 mg per mL. Volatile salts were removed via repeated via 

repeated centrifugal evaporation from water. The resulting oligosaccharide glycosylamines were 

converted to reducing oligosaccharide hemiacetals via treatment with 0.5 M boric acid at 37°C for 

1 h. Residual boric acid was removed via repeated centrifugal evaporation from methanol. Glycans 

were separated from residual deglycosylated mucins via centrifugal filtration through 10 kDa 
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molecular weight cut-off membranes in accordance with the manufacturer’s instructions (Amicon 

Ultracel). 

For each mucin glycan preparation, at least 5 µg of β-eliminated mucin glycans were analyzed 

using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF). β-eliminated 

glycans were permethylated and analyzed at the Glycomics Core at Beth Israel Deaconess Medical 

Center. Mass spectrometry data were acquired on an UltraFlex II MALDI-TOF Mass Spectrometer 

(Bruker Daltonics). Reflective positive mode was used, and data were recorded between 500 m/z 

and 6000 m/z. The mass spectrometry O-glycan profile was acquired by aggregating at least 

20,000 laser shots. Mass peaks were manually annotated and assigned to a particular O-glycan 

composition based on known core structures. 

Glycans were quantified using the phenol-sulfuric method (Masuko et al. 2005). Briefly, up to 500 

μg dried glycans were dissolved in 250 μL of water. 25 μL of glycans were added to a 96 well 

plate, following by 150 μL of concentrated sulfuric acid with rigorous pipetting. 30 μL of a 5% 

phenol solution was then added, which caused the solution to turn brown. Quantification of this 

color change was measured at 490 nm, and w/v measurements were made by comparing to a 

standard curve of serially diluted glucose.  

Acid treatment of mucin glycans. 1 mg of mucin glycans per 400 µL 1 M TFA were incubated at 

80 oC for 4 hours to remove sialic acid and fucose. Glycans were then dried using a speedvac, and 

washed repeatedly with methanol until all TFA was removed, as verified by pH testing.  

For samples further purified through Hypercarb cartridges (ThermoFisher), acid-treated glycans 

were first neutralized with potassium hydroxide (KOH), incubated at room temperature for 10 

minutes to allow salts to precipitate, and then spun at 16,000g for 10 minutes to remove any 

precipitant. The supernatant was then collected and dried using a speedvac. At the same time, the 

Hypercarb cartridges were first primed with 4 column volumes of 100% acetonitrile, then flushed 

with 4 column volumes of water. The 1 mg of dried TFA-treated glycans were resuspended in 500 

μL of water, and loaded onto the cartridge. The Hypercarb cartridge was then washed with 2 

column volumes of water and 1 column volume of 2% acetonitrile to remove salts and 

monosaccharides. Glycans were then eluted using 2 column volumes of 50% acetonitrile, and dried 

using a speedvac. 

Set-up of sugar-signaling experiments. Cells were grown in ABTGC medium. Unless otherwise 
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indicated, all strains (WT and mutants) were grown in 96 well format for 5 hours (~30 μL/well), 

or until reaching reached an OD of ~0.5-0.6.  

For mucin experiments, mucin was reconstituted in ABTGC medium at 0.5% w/v overnight (4 

degrees, with constant vortexing). The next morning, overnight cultures were diluted 1:100 into 

reconstituted mucin solutions and grown at 37 oC until OD~0.5-0.6 (typically ~5 hours). For 

glycan experiments, dried glycans were reconstituted to 0.1% w/v in ABTGC medium unless 

otherwise indicated, and overnight cultures were diluted 1:100 into these solutions and grown at 

37 oC until OD~0.5-0.6 (typically ~5 hours). For monosaccharide experiments, the monomeric 

forms of each mucus sugar (GlcNAc, GalNAc, galactose, fucose, sialic acid), were purchased from 

Sigma and dissolved as a 0.1% w/v solution in ABTGC medium, and were then used in the same 

way as reconstituted mucins and glycans.  

RNA preparation for qRT-PCR and RNA-seq experiments. 30 μL of cells grown in ABTGC 

medium alone or with mucin or mucin glycans were pelleted at max speed in a table top centrifuge. 

Cell pellets were then resuspended in 300 μL of Cell Lysis solution (Lucigen) with 2 µL of 50 

μg/μL proteinase K and incubated at 65 oC for 30 minutes, with vortexing every 5 minutes. 

Samples were placed on ice for 5 minutes, and then mixed with 175 μL of MPC Protein 

Precipitation Reagent (Lucigen). Next, samples were spun for 10 minutes at maximum speed in a 

tabletop centrifuge at 4 °C. The supernatant was then transferred to a clean tube and mixed with 

500 μL of isopropanol by inverting the tubes ~30 times. Tubes were spun for 10 minutes at 

maximum speed in a tabletop centrifuge at 4 °C again to pellet the RNA. After removal of the 

supernatant, the RNA pellet was mixed with 0.5 mL of 70% ethanol and centrifuged at 12,000 g 

for 15 minutes at 4 °C. The RNA pellet was washed again with 70% ethanol, and then air dried for 

10 minutes at room temperature and resuspended in 30 μL of nuclease free water.  

To remove contaminating DNA from RNA preps, 5 μL of Ambion RNA Turbo buffer + 1.5 μL of 

Turbo DNase (ThermoFisher) were added to each RNA sample and incubated for 30 minutes at 

37 °C. Following this incubation, 5 µL of the Ambion reaction inactivator (ThermoFisher) were 

added to each sample and vortexed rigorously. After incubation at room temperature for 2 minutes, 

samples were spun down for 2 minutes at 10,000 g with a tabletop centrifuge. The supernatant 

containing purified RNA was then carefully collected and transferred to a new tube, before storing 

at -80 oC for long-term storage. 
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qRT-PCR. The SuperScript III kit (ThermoFisher) was used to prepare cDNA for qRT-PCR 

experiments. Briefly, 1 μg of purified RNA was combined with 1 μL of 50 ng/μL random 

hexamers, 1 μL of a 10 mM dNTP mix, and nuclease free water to a total volume of 10 μL. The 

samples were incubated at 65 oC for 5 minutes, and then placed on ice for 5 minutes. Next, 2 μL 

of 10X RT buffer, 4 μL of 25 mM MgCl2, 2 μL of 0.1 M DTT, 1 μL of RNaseOUTTM, and 1 μL 

of SuperScript III were added to each sample, and then incubated at 25 oC for 10 minutes, 50 oC 

for 50 minutes, and 85 oC for 5 minutes. Samples were then stored at -20 oC for long-term storage 

or used immediately for qRT-PCR.  

qRT-PCR was performed with the Sybr Fast qPCR 2x Master Mix (Roche). Briefly, ~10 ng of 

cDNA was incubated with 5μL of 2x Sybr, 0.6 μL of 5 μM of each primer, for a final primer 

concentration of 300 nM, and nuclease free H2O to a final volume of 10 μL. Samples were then 

placed onto 384 well white bottom plates, and qRT-PCR done in a LightCycler 480 system (Roche) 

with the following thermocycling program: 95 oC for 10 minutes, 95 oC for 15 seconds, 60 oC for 

30 seconds, and 72 oC for 30 seconds, with 40 cycles of steps 2-4. 

Data were analyzed by the ddCT method to determine the fold change of each relative to a 

housekeeping gene (rpoD). Primers were checked for efficiency by running serially diluted 

concentrations of cDNA, and only primers with efficiency of >90% were used. 

RNA-seq. Purified RNA was depleted of rRNA using home-made biotinylated rRNA-specific 

probes (Culviner et al. 2020). Following ribo-depletion, 15 μL of depleted RNA was submitted to 

the MIT BioMicro center for strand-specific library preparation. Single-end sequencing was 

performed on a HiSeq2000, with a read length of 40 nucleotides. BWA was used to map the reads 

to the PA14 genome, and uniquely mapping reads were used. Any read that overlapped with a 

gene region was given a count of 1 read. 

The RNA-seq data was processed as follows. Genes with an average of fewer than 10 counts were 

eliminated, as well as all rRNA reads. Next, the total number of reads across all genes was 

calculated for both the + and – glycan conditions. The normalized read count for each gene was 

calculated by dividing each raw read count by the total read count for each condition. Finally, the 

fold change of each gene was calculated as the ratio between the normalized read count of each 

gene in the + vs. –condition (i.e., +/- mucins, +/- glycans), for each respective strain and/or time 

point.  
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The RNA-seq datasets generated during this study are available at GEO with accession number 

GSE156995. 

Western blotting. For Western blotting experiments, 50 mL of cells were grown up to OD600 ~ 0.8, 

and then spun down and washed three times in 50 mM KH2PO4 at pH 7.5. Cells were then 

resuspended in 1 mL of 50 mM KH2PO4 and lysed by sonication (2 minutes total time, 1 second 

on, 4 second off cycles at 30% power). Lysates were spun down for 10 minutes at 5,000 g to 

remove unlysed cells. As GacS and RetS are membrane proteins, proteins were not denatured by 

boiling, which can induce oligomerization of membrane proteins. Instead, lysates were incubated 

with 4x SB (200 mM Tris-HCl pH 6.8, 8% SDS, 0.4% bromophenol blue, 40% glycerol) for 30 

minutes at room temperature to gently denature proteins and then sonicated in a Diagenode water 

bath sonicator for 5 seconds. Next, 20 μg of lysate for each sample were loaded onto a 10% BioRad 

mini-protean TGX gel, along with a Chameleon Duo pre-stained ladder (Licor), and gels were run 

for 40 minutes at 200 V. Proteins on the gel were transferred to methanol-activated 0.45 μm PVDF 

membranes in ice-cold transfer buffer (25 mM Tris-HCl at pH 7.6, 192 mM glycine, 20% 

methanol) at a constant current of 0.35 A for 60 minutes. Membranes were then blocked in a 4% 

milk solution for 2 hours, incubated in primary antibody solution (monoclonal anti-FLAG M2 

from mouse (Sigma) diluted 1:5,000 in 4% milk) for 1 hour at room temperature, and then washed 

3 times in TBST buffer for 5 minutes each. Following this wash step, membranes were incubated 

for 1 hour in secondary antibody solution (goat anti-mouse (ThermoFisher) diluted 1:5,000 in 4% 

milk) for another hour at room temperature, then washed 3 more times in TBST for 5 minutes 

each, followed by 1 wash in TBS for 10 minutes. Finally, 1 mL of working solution from the 

SuperSignal West Femto Maximum Sensitivity Substrate kit (ThermoFisher) was added to the 

membrane. Western blots were imaged using the ‘chemiluminescent+markers’ setting on a Protein 

Simple FluorChemR imager to visualize bands. Band intensity was quantified by ImageJ to 

determine relative ratios of proteins. 

β-galactosidase assays. To measure rsmY-lacZ expression, cells (typically ~25 μL) were added to 

1 mL of Z buffer (0.06 M Na2HPO4, 0.04 M NaH2PO4.H2O, 0.01 M KCl, 0.001 M MgSO4, 

adjusted to pH 7, and 135 μL of β-mercaptoethanol added fresh to 50 mL of Z buffer). Next, 50 

µL of a 0.1% SDS solution and 100 μL of chloroform were added to the mixture. Each sample was 

then vortexed for 8 seconds, followed by the addition of 200 μL of a 4 mg/mL ONPG solution. 

Samples were then vortexed for another 8 seconds and then incubated at 30 oC for 30 minutes. 
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Following incubation, samples were spun at 21,000 g for 2 minutes in a tabletop centrifuge to 

pellet the chloroform. 250 μL were then withdrawn from the top of each tube and pipetted into a 

clear bottom 96 well plate to measure both the OD420 and OD550 of each reaction using a BioTek 

Synergy H1 plate reader to calculate Miller Units. 

Protein purification. To purify proteins for in vitro phosphorylation assays, BL21 cells were 

transformed with the appropriate ML333 or ML310 vectors, in which the expression of MBP-

GacSc or Trx-RetSc variants are driven by IPTG. Next, 500 mL of each strain was grown up to 

OD600 ~ 0.6 at 37 oC and induced with 1 mM IPTG for 4 hours at 30 °C. Cells were then spun 

down for 15 minutes at 5000 g and washed twice with lysis buffer (20 mM Tris-HCl, 20 mM 

imidazole, 0.5 M NaCl, 10% glycerol, 0.1% Triton X-100, adjusted to pH 8). Pellets were 

resuspended in 10 mL of lysis buffer, with the addition of 1 mg/mL lysozyme, 1 mM PMSF, and 

5 μL of benzonase, and incubated for 30 minutes at room temperature. Each sample was lysed by 

sonication (2 minutes total sonication time, 30 seconds on, 30 seconds off at 30% power). Lysed 

samples were spun down at 25,000 g for 1 hour at 4 degrees to separate the insoluble and soluble 

fractions. At the same time, Ni-NTA columns (Qiagen) were equilibrated with 10 mL of lysis 

buffer. Next, the soluble fractions were retained and run through the Ni-NTA columns. Columns 

were washed with 20 mL of wash buffer (20 mM HEPES, 20 mM imidazole, 0.5 M NaCl, 10% 

glycerol, 0.1% Triton X-100, adjusted to pH 8). Proteins were then eluted from the column with 

2.5 mL of elution buffer (20 mM HEPES, 0.5 M NaCl, 10% glycerol, and 250 mM imidazole, 

adjusted to pH 8). Eluted proteins were immediately buffer exchanged through PD-10 columns 

(G.E.), which had been pre-equilibrated with 25 mL of HKEDG storage buffer (10 mM HEPES, 

50 mM KCl, 10% glycerol, 0.1 mM EDTA, and 1 mM fresh DTT). Proteins were eluted in 3.5 mL 

of HKEDG storage buffer from the PD-10 columns and then concentrated using either 10K or 30K 

MWCO Amicon ultracel centrifugal filters for 30-60 minutes. Protein concentrations were 

quantified using a Nanodrop spectrophotometer. 

In vitro phosphorylation assays. An ATP regeneration system as used for phosphotransfer 

experiments. GacSΔRecΔHpt was used at a final concentration of 2.5 μM in HKEDG storage 

buffer. Final concentrations of 0.5 mM ATP, 2.5 μCi of [γ32P]-ATP, 0.5 mM phosphoenolpyruvate 

(PEP), and 10 U/mL pyruvate kinase (PK) were first incubated together for 30 minutes at 30 oC to 

allow the γ-32P to equilibrate between ATP and PEP. GacSΔRecΔHpt and MgCl2 were diluted in 

HKEDG buffer and then added and used at final concentrations of 2.5 μM and 5 mM, respectively. 
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Autophosphorylation reactions were performed at 30 °C. 

For phosphotransfer assays, GacSΔRecΔHpt was first autophosphorylated using the above 

parameters at 30 oC for 60 minutes, and then spun through a Micro Bio-spin 6 column (Bio-rad) 

equilibrated with HKEDG buffer to remove unused nucleotide. The cleaned up GacS samples were 

then incubated with reactions containing RetS and MgCl2 at final concentrations of 5 μM and 5 

mM, respectively. Phosphotransfer reactions were run at 30 °C. Reactions were stopped at the 

indicated time points with the addition of 4x SB (200 mM Tris-Cl at pH 6.8, 400 mM DTT, 8% 

SDS, 0.4% bromophenol blue, 40% glycerol). 

Each sample was run on a 10% BioRad mini-protean TGX gel for 50 minutes at 150 V. Gels were 

then put into Ziploc bags and exposed to phosphor-screens for 4-5 hours so that phosphorylated 

protein bands could be observed. Screens were imaged using the Typhoon-FLA9500 imager with 

a “phosphor” setting and a resolution of 50 μm. 

Hydrolysis of pNP-linked sugars. To measure the hydrolysis of p-nitrophenol (pNP)-linked 

compounds (GoldBio), overnight cultures of PA14 were diluted 1:100 into ABTGC medium alone 

or with 0.5% mucin and grown for 4 hours at 37 °C. Bacterial cultures were then centrifuged at 

maximum speed for 3 minutes. 45 µL of supernatant were mixed with 5 µL of pNP-linked sugars 

(GalNAc, GlcNAc, or Galactose) made as 20 mg/ml stocks in DMSO. For a control, pNP sugars 

were mixed with medium not exposed to bacteria. Mixtures of pNP-sugars and bacterial 

supernatants were incubated for 3 hours at 37 °C. 100 µL of 1M sodium carbonate (Sigma) was 

added to stop the reaction. Released pNP was determined by monitoring the absorbance at 405 nm 

(A405). 

Type VI killing assays. For killing assays, overnight cultures of PA14 were diluted 1:100 into 

ABTGC (either with no glycans or 0.1% glycans) and grown for 5 hours at 37 oC until reaching 

an OD of ~0.5. At the same time, overnight cultures of E. coli S17 were diluted 1:500 into ABTGC 

and grown for 5 hours at 37 oC until reaching an OD of ~0.3. Overnight cultures of B. cenocepacia 

were diluted 1:1,000 into ABTGC and also grown for 5 hours at 37 oC until reaching an OD of 

~0.3. For the PA14-S17 competitions, 100 μL PA14 and S17 were then spun down at max speed 

for 2 minutes, and re-suspended in a total volume of 5 μL to concentrate the cells. For the PA14-

B. cenocepacia competitions, 50 μL PA14 and 25 μL B. cenocepacia were spun down at max 

speed for 2 minutes, and re-suspended in a total volume of 5 μL to concentrate the cells. These 
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suspensions were then plated on ABTGC plates (3% agar), and incubated at 37 oC for 1.5 hours. 

The mixture was then scraped off the plates and re-suspended in 100 μL of ABTGC, and then 

serially diluted by 10x to count CFU. For E. coli based competitions, these serially diluted samples 

were plated on either LB-irgasan plates (to select for PA14) or LB-cefsulodin plates (to select for 

S17) overnight at 37 °C. Irgasan and cefsulodin were used at a concentration of 25 μg/mL. 

Competitive index was calculated as: CI = Eo / Et / Pt, where E is the number of E. coli 

cells competed with or without P. aeruginosa (Et and E0, respectively) and Pt is the number of 

competing P. aeruginosa cells. For B. cenocepacia based competitions, these serially diluted 

samples were plated on either LB-Kanamycin plates (to select for B. cenocepacia, which harbored 

a kanamycin resistant cassette on the chromosome), or on LB-trimethoprim plates to select for P. 

aeruginosa. Kanamycin was used at a concentration of 1 mg/mL, and trimethoprim was used at 

45 μg/mL. Competitive index was calculated in the same way as above, except E is the number of 

B. cenocepacia.  

Quantification and statistical analysis. Where applicable, each figure shows each individual data 

point, as well as the mean and standard error, as specified in each figure caption. Statistical tests 

were performed where relevant by using a 2-way ANOVA on Prism, and corrected for multiple 

comparisons using Dunnett’s test. All p-values are shown in Table S2.4. Linear regressions were 

also performed on Prism, with both the r-value and p-value reported. Pathway enrichment analysis 

was performed on differentially expressed gene sets using the hypergeometric test. Genes were 

classified as differentially expressed based on their log2-transformed fold change. P-values were 

then adjusted for multiple comparisons with the Benjamini-Hochberg correction to obtain the false 

discovery rate. 
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Figures  

 

Figure 3.1. Mucin acts through the GacS/RetS/Rsm pathway to suppress the H1-T6SS. A) Healthy mucus 

suppresses bacterial virulence. The mechanisms by which mucin regulates bacterial behavior are unknown. B) 

Schematic representation of the H1-T6SS needle apparatus. Genes that were measured via qRT-PCR are shown 

in pink. Other key components of the T6SS are also highlighted: the baseplate in brown, the membrane complex 

in gray, the needle/sheath in green, the tip in orange, and the effectors in red. C) Schematic representation of 

the GacS/Rsm system, which controls H1-T6SS activation in response to unknown signals. GacS is a histidine 

kinase that phosphorylates GacA. Phosphorylated GacA activates transcription of the RNAs rsmY and rsmZ, 

which sequester the RNA-binding proteins, RsmA and RsmF. In the absence of rsmY/Z, RsmA and RsmF bind to 

H1-T6SS transcripts, which destabilizes them and also prevents their translation. By binding RsmA and RsmF, 
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rsmY/Z prevents these proteins from blocking H1-T6SS translation. Thus, activation of the GacS-GacA pathway 

upregulates the H1-T6SS, as well as dozens of other genes. RetS is an accessory histidine kinase that inhibits 

GacS activity. D) Levels of representative H1-T6SS transcripts following 1.5 hour exposure to whole mucus or 

mucin-depleted mucus with 0.5% MUC5AC added back, relative to mucin-depleted mucus. Transcript levels 

measured by qRT-PCR and normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual 

measurements shown (black dots). E) Diagram of the H1-T6SS operon and housekeeping genes representing 

the fold change of each gene following exposure to mucins for 5 hours relative to medium alone, measured by 

RNA-sequencing. The names of genes that encode key components of the T6SS apparatus are color coded 

according to Figure 3.1B. F) Levels of T6SS transcripts in wildtype and GacS/Rsm/RetS mutants following 

exposure to mucin relative to medium alone. Transcript levels measured by qRT-PCR and normalized to a 

control gene (rpoD). Bars indicate the mean ± SEM, with individual measurements shown.  
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Figure 3.2. Mucin glycans are sufficient to suppress the T6SS. A) Representative glycan structures derived from 

MUC5AC, as identified by MALDI-TOF. B) Levels of T6SS transcripts in PA14 following exposure to the pool of 

mucin glycans or monosaccharides for 5 hours relative to medium alone. Transcript levels measured by qRT-

PCR and normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual measurements 

shown (black dots). Mucin data are replicated from Figure 3.1F, for reference. C) Diagram of the H1-T6SS 

operon and housekeeping genes representing the fold change of each gene following exposure to glycans for 5 

hours relative to medium alone, measured by RNA-sequencing. The names of genes that encode key 

components of the T6SS apparatus are color coded according to Figure 3.1B. D) Regression of glycan-induced 

gene expression changes against mucin-induced gene expression changes at 5 hours, as measured by RNA-

sequencing. H1-T6SS genes are highlighted in blue. 
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Figure 3.3. The signaling effects of mucin glycans are robust. A) Levels of T6SS transcripts in PA14 following 

5-hour exposure to mucin glycans at different concentrations relative to medium alone. Transcript levels 

measured by qRT-PCR and normalized to a control gene (rpoD). Data points indicate the mean ± SEM and are 

fitted to a one-site binding curve. B) Levels of T6SS transcripts in PA14 following exposure to the pool of mucin 

glycans (in blue) or medium alone (in yellow) at different time points, as measured by qRT-PCR and normalized 

to a control gene (rpoD). Transcript levels are measured relative to medium alone at 3.5 hours, and each point 

represents the mean ± SEM (3 replicates). Grey data points indicate optical density of the culture at 600 nm. C) 

Levels of representative H1-T6SS transcripts following 5 hour exposure to 0.1% mucin glycans relative to 

ABTGC medium alone for different P. aeruginosa isolates. Transcript levels measured by qRT-PCR and 

normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual measurements shown. D) 

Diagram of the H1-T6SS operon and housekeeping genes representing the fold change of each gene following 

exposure to glycans for 15 minutes relative to medium alone, measured by RNA-sequencing. The names of 

genes that encode key components of the T6SS apparatus are color coded according to Figure 3.1B. 
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Figure 3.4. Mucin glycans promote RetS inhibition of GacS. A) Levels of T6SS transcripts in wild type and 

mutants following exposure to mucin glycans for 5 hours relative to medium alone. Transcript levels measured 

by qRT-PCR and normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual 

measurements shown. Wild type data are duplicated from Figure 3.2B for reference. B) Schematic of RetS 

phosphorelay domains (various shades of blue) and GacS/GacA (purple). C) Levels of T6SS transcripts in RetS 

phospho-mutants following exposure to mucin glycans for 5 hours relative to medium alone. Transcript levels 

measured by qRT-PCR and normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual 

measurements shown. D) Distribution of all H1-T6SS transcript levels following exposure to mucin glycans for 

5 hours relative to a medium control in the wild type and RetS mutants, as measured by RNA-sequencing. 

Center bar represents the mean change in gene expression for all genes in the T6SS operon. E) Gene set 

enrichment analysis of RetS-dependent and RetS-independent gene sets. Bar length indicates false discovery 

rate for each enriched pathway. The dotted line indicates the threshold for significance. 
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Figure 3.5. A subset of mucin glycans is sufficient for signaling. A) MALDI-TOF-MS spectrum of the MUC5AC 

glycan pool. Selected peaks labeled with monoisotopic masses and predicted structures. B) MALDI-TOF-MS 

spectrum of the MUC5AC glycan pool following partial acid hydrolysis (1 M TFA). Selected peaks labeled with 

monoisotopic masses and predicted structures. C) Distribution of glycan length in the untreated versus the 

acid-treated glycan pools. D) Relative abundance of core structures in the untreated versus the acid-treated 

glycan pools. E) Relative abundance of fucosylated, sialylated, and non-fucosylated/sialylated glycans in the 

untreated versus the acid-treated glycan pools. F) Levels of T6SS transcripts in PA14 following exposure to 

pools of acid-treated glycans for 5 hours relative to medium alone. Transcript levels measured by qRT-PCR and 

normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual measurements shown 

(black dots). 
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Figure 3.6. Mucin glycans suppress T6SS-mediated killing by PA14 in a RetS-dependent manner. A,C) 

Competition assay between E. coli (A) or B. cenocepacia (C) and the PA14 wild-type and T6SS mutant (ΔicmF1) 

in the presence and absence of glycans. Center bar represents the mean change in P. aeruginosa competitive 

index relative to the wild type in medium alone, with individual measurements shown (black dots). B,D) 

Competition assay between E. coli (B) or B. cenocepacia (D) and the PA14 wild-type and RetS mutants in the 

presence and absence of glycans. Center bar represents the mean change in P. aeruginosa competitive index in 

the presence of glycans relative to medium alone, with individual measurements shown (black dots). 
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Figure 3.7. Model. Mucin glycans are host-produced “safety signals” that suppress the H1-T6SS by triggering 

RetS inhibition of GacS. This signaling may promote microbial co-existence in healthy mucus.  
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Chapter 4: Mucin glycans resist dysbiosis in complex microbial 

communities 

Work in this chapter is in preparation for submission: Wheeler KM*, Wu CM*, Ribbeck K. Mucin 

glycans resist dysbiosis in complex microbial communities. 

Supplementary information is provided in Appendix C. 

 

Abstract 

Mucus lines all wet epithelia in the human body and forms the first line of defense while housing 

dense microbial communities specific to different mucosal surfaces. Changes in microbial 

composition can cause disease, suggesting the presence of host mechanisms that select and 

stabilize these communities. Leveraging an ex vivo system to study human oral microbiota and 

libraries of mucin glycans purified from different body sites, we found that glycans specifically 

support growth of a wide range of health-associated microbes while resisting disease-associated 

compositional shifts. We uncovered that the complex glycans displayed on mucins interact with 

microbes by various mechanisms, serving as nutrients to recruit commensal microbes while also 

limiting antagonism between competing taxa. Specific glycan moieties drive the selection of 

certain microbes, suggesting that the unique glycosylation of mucosal tissues may tune microbial 

composition. Thus, mucin glycans represent potential therapeutic interventions to select and 

maintain a diverse, yet specialized microbiota. 

Introduction  

The human body hosts, in various locations, highly diverse microbial communities that have 

important functions in health and disease. However, dissecting the mechanisms underlying 

microbial community composition and function can be challenging due to their low culturability 

in vitro. This disconnect suggests that certain host factors may be important for the recruitment 

and retention of members in the healthy human microbiota and for the prevention of disease 

associated with dysbiosis, an imbalance in microbial communities.  

Humans, and perhaps other hosts, have likely evolved several mechanisms to recruit beneficial 

microbes, maintain homeostasis, and prevent the collapse of microbial diversity. In particular, 
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microbial communities are embedded in a network of mucin glycoproteins (Figure 4.1A), the 

major gel-forming components of the mucus layer. Aberrant mucin production and changes in 

mucin glycosylation are associated with numerous pathologies and dysbiosis (Baughan et al. 2000; 

Bergstrom et al. 2020; Chaudhury et al. 2016; Einerhand et al. 2002; Fahy & Dickey 2010; Scanlin 

& Glick 1999; Szkaradkiewicz-Karpińska et al. 2019; Xia et al. 2005), highlighting the importance 

of the intact mucus barrier in health.  

Mucins are comprised of a peptide backbone that is densely coated in hundreds of distinct 

branching sugar chains (glycans) (Figure 4.1A), which collectively represent up to 80% of mucin 

weight and thus offer a wealth of spatially concentrated biochemical information. Through this 

rich biochemistry, mucins may provide an alternative nutritional substrate for specific microbes or 

consortia of microbes that encode the machinery to degrade complex carbohydrates (Png et al. 

2010; Sonnenburg et al. 2005; van der Hoeven et al. 1990; Wickström & Svensäter 2008). 

Additionally, mucins and their attached glycans can serve as virulence-attenuating signals with 

powerful abilities to influence microbial behavior, including the ability to swim (Caldara et al. 

2012), settle (Frenkel & Ribbeck 2015), communicate (Wheeler et al. 2019), and compete (Frenkel 

& Ribbeck 2017; Wang et al. 2020). Based on these numerous functions, we hypothesized that 

mucins play a critical role in maintaining microbial homeostasis across the mucosal niches of the 

human body. 

To date, no systematic studies exist that directly assess how mucins or their varied glycan 

structures interact with the microbiota to shape microbial community composition and structure. 

Testing how host factors or chemical interventions influence bacterial communities is challenging 

in vivo due to physiological differences between individuals and lack of experimental control. For 

these reasons, results are typically correlative and provide limited mechanistic insight. To bridge 

this gap, we cultured fully complex native microbiota obtained from the human oral cavity in a 

tightly controlled culture-based system to track how specific glycosylation patterns influence 

microbial composition. This approach enables the study of complex community dynamics in 

defined mucus environments that are physiologically relevant, and allows for the mechanistic 

dissection of mucin into its functional components. The salivary microbiota is an ideal model 

system for this work because these communities are easily accessible, highly diverse (Huttenhower 

et al. 2012), relatively stable over time (Costello et al. 2009), and seed other mucosal niches in the 



91 

 

gastrointestinal and respiratory tracts (Bassis et al. 2015; Ding & Schloss 2014; Schmidt et al. 

2019).  

We show that mucin-based medium better captures the diversity of complex oral communities 

found in health than a glucose-based medium. Moreover, we reveal that mucins isolated from 

different mucosal tissues throughout the body share a conserved function in resisting glucose-

driven dysbiosis in a complex microbial community. Mucin glycans were the primary components 

responsible for this effect, capable of retaining health-associated bacteria and resisting dysbiosis 

by fundamentally shaping the metabolic landscape to support consortia of glycan-degraders and 

by limiting antagonism between competing taxa. The precise composition and arrangement of the 

sugar monomers influenced the potency and specificity of mucin glycan’s effects, revealing that 

different mucosal tissues may tune the composition of the resident microbiota through the 

presentation of distinct glycosylation patterns. Taken together, these results suggest glycans as a 

potential therapeutic intervention for mitigating diseases related to dysbiosis.  

Results 

Culturing microbial communities in mucin-free medium leads to the exclusion of health-

associated microbes 

To assess changes in microbial ecology associated with the absence of host factors, we inoculated 

native microbial communities derived from human saliva in duplicate into a chemically defined 

high-glucose (0.5% w/v) medium developed for the cultivation of oral microbial flora. This 

medium mimicked the electrolyte balance of saliva (He et al. 2008), but lacked mucin as well as 

other host-derived factors. The inoculating salivary microbiota were highly diverse and 

taxonomically rich, containing at least 54 genera (range: 54-85 genera) across eight phyla (Figure 

4.1B). Across the inoculating samples, 12 taxa classified to the genus level were detected at >1% 

average abundance (Figure 4.1B). In particular, there was a high abundance (range: 13.6 – 57.9%) 

of commensal Mitis group streptococci, including the species Streptococcus mitis, Streptococcus 

oralis, and Streptococcus infantis; this group is an indicator of oral health (Gross et al. 2012). The 

commensal bacteria Streptococcus parasanguinis and Streptococcus australis are most often 

included within the Mitis group (Jensen et al. 2016), but occasionally grouped with the closely 

related Sanguinis streptococci (Facklam 2002). Here, these species were classified as their own 
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independent group (as defined in Eren et al. 2014) to better understand if different, closely-related 

streptococci have distinct responses to their environment. 

After inoculation into medium, ex vivo microbial communities were collected at 8, 16, 24, and 48 

h of growth and 16S rRNA gene sequencing was used to quantitatively track microbial community 

composition over time. Beginning in the first 8 h, these ex vivo communities underwent a rapid 

loss of diversity (Figure 4.1C) and divergence from the starting community composition (Figure 

4.1D) corresponding to significant reductions in abundance for nine of the dominant genera (>1% 

average abundance in starter culture), including Haemophilus, Neisseria, Actinomyces, Gemella, 

Alloprevotella, Granulicatella, Fusobacterium, Rothia, and Leptotrichia (Figure 4.1E). Moreover, 

the Streptococcus genus lost health-associated Mitis/Parasanguinis streptococci over time (Figure 

4.1F). This loss in microbial diversity was associated with a concomitant outgrowth of the 

Salivarius streptococci (including the species Streptococcus salivarius, Streptococcus vestibularis, 

and Streptococcus thermophilus), which expanded from an average abundance of 3.8% (range: 0.7 

– 6.9%) in the starting inoculum to 72% abundance (range: 47.9 – 90.6%) by 48 h of growth 

without host factors (Figure 4.1F). Intriguingly, lower diversity and shifts in the ratio of oral Mitis 

streptococci to Salivarius streptococci have been associated with disease, including the 

development of dental caries (Gross et al. 2012) and Crohn’s disease (Goel et al. 2019), 

highlighting the biological relevance of our model. 

Mucins isolated from different mucosal niches mitigate the collapse of microbial diversity 

To evaluate how mucins from various tissues impact the composition of complex microbial 

communities, we leveraged our ex vivo model to test whether mucins from saliva (MUC5B), 

gastric mucus (MUC5AC), and intestinal mucus (MUC2) can preserve community diversity and 

retain health-associated community members that were lost in the absence of host factors. 

Critically, we gently purified mucins from native human or animal tissues in order to retain their 

fully complex glycan profiles (Figure 4.2A). Each mucin was then carefully reconstituted into a 

chemically defined medium at a physiologically relevant concentration of 0.25% (w/v) and 

exposed to salivary microbial communities for up to 48 h. Notably, each mucin partially mitigated 

the collapse in microbial diversity (Figure 4.2B) that we detected in cultures grown without mucins 

(Figure 4.1). In particular, the Shannon Diversity index, which accounts for both abundance and 

evenness of the species present in each community, was higher for cultures grown in the presence 
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of mucin than for communities cultured in medium without mucin (Figure 4.2B). Further, the 

compositions of communities cultured in medium with mucin more closely resembled the starting 

community than did those of cultures grown without mucin, as indicated by the Bray-Curtis 

dissimilarity (Figure 4.2C). These findings uncovered a conserved function across mucin types to 

maintain diverse communities that are more similar in composition to native microbiota.   

To better understand the changes underlying the increased diversity observed with mucin, we 

examined the abundances of the health-associated Mitis/Parasanguinis streptococci. Strikingly, 

upon exposure to mucin, these commensal streptococci were strongly retained (Figure 4.2D, 

S4.1A, S4.1B). MUC2 had a particularly strong effect, as it retained these Mitis and Parasanguinis 

streptococci at nearly starting levels for the duration of the experiment (Figure 4.2D, S4.1A). 

Moreover, each mucin retained taxa that were lost in medium alone, including the commensal 

genus Granulicatella (Figure S4.1C), and limited the outgrowth of Salivarius streptococci to 

different extents (Figure 4.2E, S4.1D). Overall, these results highlight that mucins resist 

compositional shifts associated with disease (Goel et al. 2019; Gross et al. 2010, 2012).  

In addition to compositional imbalance, changes in growth form and community structure can 

impact the competitive and cooperative interactions that maintain microbial homeostasis. In 

particular, the formation of bacterial community aggregates can create gradients in nutrients, 

chemical signals, and other small molecules, possibly disrupting competitive balances and driving 

disease progression (Parsek & Singh 2003). To assess how mucin influences the growth state of 

the community, we collected surface-attached biomass from the ex vivo cultures and compared 

this attached community to non-attached cells in medium with or without each mucin type. 

Consistent with previous work on mucin-microbe interactions (Caldara et al. 2012; Frenkel & 

Ribbeck 2015; Kavanaugh et al. 2014), all three mucins prevented surface attachment relative to 

medium alone (Figure S4.2A). In medium alone, the biofilm and planktonic communities had 

similar levels of diversity and similar compositions (Figure S4.2B-D). Taken together, these 

findings suggest that distinct mucin isoforms promote diversity, maintain commensal bacteria, and 

prevent surface attachment to different degrees. 

Microbial community composition is shaped by mucins specific to different niches  

Different mucosal tissues secrete unique mucin isoforms and also harbor distinct microbiota. 

Mucins from saliva (MUC5B), gastric mucus (MUC5AC), and intestinal mucus (MUC2) each 
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have overlapping but distinct glycan spectra (Figure 4.2A) that may have differential effects on 

the composition of microbial communities. For instance, while MUC5B glycans tend to have 

longer sugar chains and are more fucosylated and sialylated than MUC5AC and MUC2 glycans, 

all three mucins share a high abundance of fucosylated core structures (Figure 4.2A). To dissect 

the specific roles of these mucin isoforms, we applied hierarchical clustering to the sequencing 

data for each microbial community after 48 h of growth in medium with or without mucin. This 

algorithm recursively merged samples based on the similarity of the microbial community 

composition (pairwise distance: 1 – Pearson coefficient), allowing for the discrimination of more 

subtle variations in microbial community structure. This approach identified three major sample 

clusters: a no-mucin cluster, a MUC2 cluster, and MUC5B cluster (Figure 4.3A). Communities 

cultured with MUC5AC did not form a distinct cluster, rather the communities derived from the 

less diverse microbiota (inoculum 1) clustered with communities cultured in MUC5B whereas 

communities derived from the more diverse microbiota (inoculum 2) clustered with communities 

cultured with MUC2. This finding may suggest that MUC5AC has an intermediate effect relative 

to MUC5B and MUC2. This clustering analysis suggests that the precise composition of the 

resulting community depends more strongly on the environment in which it was cultured than on 

the composition of the inoculating community. Since communities formed distinct clusters based 

on the particular mucin isoform in the medium (Figure 4.3A), the exact composition of the 

microbial community may depend on the specific structure and biochemistry of the mucin type 

secreted from a given body surface. 

The individual taxa comprising each community were also clustered based on their relative 

abundances across samples (Figure 4.3B), highlighting signatures of cooccurring microbes 

associated with the mucin environment in general (Figure 4.3Bi), MUC2 specifically (Figure 

4.3Bii), and starting inoculum 2 (Figure 4.3Biii). Signatures identified within the mucin clusters 

included a reduced abundance of Salivarius streptococci and a moderate increase in Haemophilus, 

Gemella, Granulicatella, Prevotella, Veillonella, and the Mitis and Parasanguinis streptococci 

relative to medium alone (Figure 4.3Bi). Differences in abundance relative to medium alone were 

more pronounced in the MUC2 cluster. Communities cultured in medium with MUC2 also 

harbored higher levels of Pseudomonas, Aggregatibacter, and Leptotrichia (Figure 4.3Bii). 

Overall, this clustering analysis reveals that community composition is driven by mucins specific 
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to different niches, and highlights microbial signatures corresponding to the different mucin 

environments.  

Complex mucin glycans serve as a metabolic substrate to retain native genera  

To better understand how mucins prevent the collapse of microbial communities, we began by 

testing one possible mechanism: that the highly abundant and diverse sugar chains on mucin 

promote diversity by serving as a complex nutrient source for host-adapted commensal organisms 

that encode glycan degradation machinery in their genomes (Figure S4.3A). For example, some 

strains of S. mitis and S. oralis that colonize mucosal surfaces produce neuraminidase (Figure 

S4.3A) and may utilize mucins as a carbon source (van der Hoeven et al. 1990). To assess whether 

mucins support the growth of diverse communities through nutritive mechanisms, we monitored 

the composition of oral communities cultured ex vivo in medium containing mucin, isolated mucin 

glycans, or a pool of the monosaccharides that comprise mucin glycans (containing equal amounts 

of galactose, N-acetyl glucosamine, N-acetyl galactosamine, fucose, sialic acid) as the sole carbon 

source. Including the pool of monosaccharides enabled us to assess the importance of their 

complex structural arrangement in mucin glycans, relative to the contribution from supplying 

diverse nutrient components.  

Mucin and mucin glycans maintained higher levels of alpha diversity than the glucose-based 

medium (Figure 4.4A), and were each capable of supporting the growth of communities with 

diversity reaching levels comparable to that of the native salivary community (Figure 4.4A). Bray-

Curtis dissimilarity further indicated that communities grown on mucin and mucin glycans more 

closely resemble the native oral microbiota than do communities grown in glucose (Figure 4.4B). 

Consistent with this finding, hierarchical clustering of the sequencing data revealed that the 

inoculating communities clustered most closely with communities cultured in medium with mucin 

as the sole carbon source, followed by mucin glycans (Figure 4.4C, S4.3B). By contrast, the pool 

of mucin-type monosaccharides only partially promoted alpha diversity (Figure 4.4A) and formed 

communities more divergent from the healthy starting microbiota (Figure 4.4B). Furthermore, 

communities cultured in medium with monosaccharides as the carbon source clustered with 

communities cultured in glucose-rich medium (Figure 4.4C, S4.3B). Taken together, these 

observations suggest that mucin glycans can shape community composition through nutritive 

mechanisms. Moreover, the inability of monosaccharide components to fully capture these effects 
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demonstrated that the complex configuration of mucin glycans is essential to maintain diverse 

communities that look more similar in composition to healthy starting microbiota. 

We next sought to identify community members that specifically benefit from the presence of 

mucin glycans. Strikingly, mucin glycans maintained the majority of dominant genera from the 

native community (Figure 4.4D, S4.3C). In fact, the only dominant taxa significantly reduced 

when mucin glycans were supplied as the sole carbon source were the Mitis, Parasanguinis, and 

Salivarius streptococci (Figure 4.4D). This is in stark contrast to the glucose-based medium in 

which nine dominant genera were lost (Figure 4.1E). Additionally, mucin and mucin glycans each 

retained (i.e., log2-tranformed fold change > -1) many groups including several low-abundance 

genera (Figure 4.4E, S4.3C), highlighting the ability of mucin glycans to support taxonomically 

rich communities. In comparison, the pool of mucin-type monosaccharides only maintained a 

subset of the native taxa supported by mucin glycans (Figure 4.4E). Furthermore, in contrast to 

mucin glycans, the monosaccharides additionally enriched for S. salivarius, which similarly 

exhibited an outgrowth in glucose-based medium (Figure 4.1F). Collectively, these findings 

demonstrate that mucin glycans support the growth of communities as a metabolic substrate 

(Figure S4.3D) and specifically benefit a wide range of health-associated microbes, including a 

large portion of the oral microbiota that is lost in either glucose-based or monosaccharide-based 

medium.     

Decomposing mucin glycans to their component monosaccharides revealed that the complex 

structural configuration of mucin glycans is essential for their role in retaining diverse genera in 

the community. This structural complexity may promote diversity by requiring cooperation 

between microbes producing different linkage-specific glycosidases to effectively break down and 

utilize mucin glycans. Indeed, many of the retained genera (Figure 4.4E) do not encode the putative 

mucin-targeting glycoside hydrolases needed for the complete degradation of glycans (Figure 

S4.3A), indicating that cooperative degradation may be one mechanism by which complex mucin 

glycans support diverse consortia of microbes. On the other hand, such cooperative degradation 

could also drive outgrowth of bacteria that more efficiently use free monosaccharide components, 

suggesting that mucin glycans may reduce competition between the microbes in addition to serving 

as nutritional substrates. 

Complex mucin glycans suppress bacterial antagonism to promote diversity  
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To evaluate the possibility that mucin glycans influence community composition through a 

nutrient-independent mechanism, we assayed whether isolated mucin glycans are sufficient to 

resist the collapse of microbial diversity in the presence of high levels of glucose. Since glucose 

or its metabolic byproducts can be efficiently utilized by most microbes in the inoculating cultures, 

with the exception of the asaccharolytic bacteria Prevotella, Fusobacterium, and Porphyromonas 

(Takahashi 2005), this approach enabled us to assess the impact of mucin and its components on 

microbial interactions while limiting the nutritional contribution of mucin glycans and 

monosaccharides. By comparing fully intact mucin glycans to the pool of monosaccharides in 

glycans, we evaluated the impact of the complex arrangement of sugar monomers as well as the 

impact of adding additional non-glucose carbon to the culture (Figure 4.5Ai). In medium with high 

levels of glucose, a pool of monosaccharides did not retain the diversity of the oral community 

(Figure 4.5B, 4.5C) and did not impact the final composition of the microbial community (Figure 

4.5D-H) relative to medium alone. Thus, the addition of other carbon sources that compose mucin 

glycans is not sufficient to promote diversity when glucose is abundant.  

In contrast to the pool of monosaccharides, both MUC5B and MUC5AC glycans increased alpha 

diversity to approximately the same extent as whole intact MUC5AC and MUC5B (Figure 4.5B). 

Similarly, relative to communities grown in medium alone, communities cultured in medium with 

mucin glycans more closely resembled the starting communities in terms of composition (Figure 

4.5C). Upon hierarchical clustering, communities cultured in medium containing mucin glycans 

clustered with communities cultured in medium with mucin (Figure S4.4A). Closer inspection of 

the microbial compositions of nodes in each cluster revealed groups of cooccurring taxa underlying 

the clustering patterns (Figure S4.4A). In particular, Salivarius streptococci were less abundant in 

medium with mucin or mucin glycans than in medium alone (Figure 4.5D). By contrast, 

commensal Mitis and Parasanguinis streptococci were enriched in medium with mucin glycans 

relative to medium alone (Figure 4.5E, 4.5F ). Additionally, the glycan utilizers Gemella and 

Granulicatella were enriched in medium with mucin glycans versus medium alone (Figure 4.5G, 

4.5H). In general, mucin glycans had a stronger effect on communities than whole mucin, 

suggesting that the peptide backbone is not essential to their ability to alter microbial community 

composition. Rather, mucin’s associated glycans are the primary effector. Moreover, since 

monosaccharide components were unable to retain the abundance of these predominant  
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commensals (Figure 4.5E-H), it appears that the complex arrangement of monosaccharides is key 

to their function. 

For each of these glycan signatures, we probed competitive dynamics by further examining the 

changes in abundance from the starting inoculum to 8 h, and from 8 h to 48 h (Figure S4.4B-F). 

This analysis revealed that the increases in the relative abundance of Salivarius streptococci 

occurred during the first 8 h of growth, after which point the abundance remained at approximately 

the same level for the remainder of the experiment, with glycans limiting the magnitude of 

outgrowth in the first 8 h (Figure S4.4B). This limited outgrowth corresponded with an increasing 

abundance of Mitis streptococci in the first 8 h (Figure S4.4C). Similarly, while the Parasanguinis 

streptococci, Granulicatella, and Gemella were each largely outcompeted in the first 8 h in 

medium alone (Figure S4.4D-F), in the presence of mucin glycans, Parasanguinis streptococci 

were retained at their initial abundance for the duration of the experiment (Figure S4.4D), and the 

loss of Granulicatella and Gemella was slowed by mucin glycans (Figure S4.4E, S4.4F). Taken 

together, these experiments showcase that loss of diversity in the absence of mucin glycans is 

likely the consequence of competition with Salivarius streptococci. By reducing bacterial 

antagonism or retaining less-competitive streptococci, mucin glycans may contribute to a more 

permissible environment for other taxa. 

We gleaned further insights into the potential non-nutritive roles of mucin glycans by examining 

cases in which bacteria were differentially retained by mucin glycans in high-glucose medium 

versus when mucin glycans were provided as the sole carbon source. For example, when grown 

with glucose in the absence of mucin glycans, Salivarius streptococci outcompeted commensal 

Mitis/Parasanguinis streptococci, but when mucin glycans were included in the glucose medium, 

these two groups coexisted (Figure 4.5I). If the retention of Mitis/Parasanguinis streptococci were 

due to their ability to effectively utilize mucin glycans, then we would expect this group to be 

enriched in cultures where mucin glycans were the sole carbon source. On the contrary, neither the 

commensal Mitis/Parasanguinis streptococci nor the Salivarius streptococci were retained when 

mucin glycans were the sole carbon source (Figure 4.5I) . Thus, mucin glycans support the 

coexistence of Mitis/Parasanguinis and the Salivarius streptococci, likely by suppressing 

competitive interactions rather than through a nutrient-dependent mechanism. Another informative 

comparison is of the glycan-utilizing bacteria Gemella and Granulicatella (Zhou et al. 2016). 

While both Gemella and Granulicatella were enriched in the presence of glycans alone , these two 
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genera were each present at lower levels In medium containing both glycans and glucose (Figure 

4.5J), indicating that high nutrient conditions indeed mask the metabolic contribution(s) of mucin 

glycans. Taken together, these results illustrate how systematic comparisons between culturing 

environments can be leveraged to disentangle the multiple mechanisms underlying the 

composition of microbial communities. Moreover, these outcomes demonstrate that glycan-

mediated suppression of competition likely plays a major role in facilitating microbial coexistence. 

Mucin glycans promote the prolonged coexistence of competing microbes 

To more closely monitor the interactions between mucin glycans and socially cohesive 

communities of bacteria over a prolonged period, we complemented our batch culturing approach 

with a serial passaging approach that facilitates the self-assembly of stable microbial communities 

(Goldford et al. 2018). Specifically, each community cultured in the defined glucose medium with 

or without mucin glycans (inocula 3 and 4, in duplicate) was further propagated every 48 hours 

for a total of 10 passages. Consistent with batch culturing, when ex vivo salivary communities were 

passaged in medium without mucin glycans, Salivarius streptococci rapidly increased in 

abundance, outgrowing the culture after two passages and remaining dominant (at >99% 

abundance) for the entirety of the experiment (Figure 4.6A).  

In contrast to the Salivarius-dominated communities that assembled in medium alone, when 

passaged in medium supplemented with mucin glycans, the oral communities assembled into two 

distinct stable states, depending on the starting inoculum. Specifically, inoculum 3 assembled into 

a state in which a low abundance of Lactobacillus (range: 1.3% - 4.3%) coexisted with Veillonella 

(range: 89.8% - 98.4%), while inoculum 4 assembled into a state in which Parasanguinis 

streptococci (range: 35.7% - 58.0%) coexisted with Veillonella (range: 41.9% - 64.3%) (Figure 

4.6B). Veillonella are unable to utilize glucose or mucin sugars as a carbon source and instead 

utilize lactate (Distler & Kröncke 1981), a byproduct of Streptococcus and Lactobacillus 

metabolism (Kandler 1983). Thus, while these findings suggest that the precise interaction 

networks present in the inoculating microbiota influence the final composition, the final states are 

functionally similar as we see coexistence of lactic acid-producing bacteria and lactic acid-utilizing 

bacteria in all four assemblages formed in the presence of mucin glycans.  

Previous work has revealed that the collapse of communities competing for a single limiting 

nutrient may be stabilized through metabolic facilitation, which in turn leads to the coexistence of 
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multiple species (Goldford et al. 2018). The prolonged coexistence of Veillonella and 

Parasanguinis, but not Salivarius streptococci is therefore intriguing as both groups of Streptococci 

secrete metabolic by-products that should be utilizable by Veillonella. This suggests that the 

presence of metabolically cohesive bacteria is not always sufficient to promote stable coexistence, 

and that other host or environmental factors may be necessary to mitigate inhibitory interactions 

between species. For instance, Veillonella can be inhibited by certain metabolites produced during 

glucose fermentation by a range of oral streptococci, especially strains of S. salivarius (Doran et 

al. 2004). Since Parasanguinis streptococci were enriched by glycans in the presence of glucose 

(Figure 4.5F), but do not benefit from glycans as a sole carbon source (Figure 4.4D) (Zhou et al. 

2016), the observed glycan-mediated coexistence of Streptococcus and Veillonella (Figure 4.6B) 

is likely not the result of changes to the available metabolic substrates, but rather reduced 

antagonism between Salivarius streptococci, Parasanguinis streptococci, and Veillonella. Overall, 

this experiment provides further support that mucin glycans play a role in maintaining microbial 

homeostasis, and it additionally reveals that mucin glycans influence competitive interactions 

between microbes over a prolonged period to support the stable assembly of diverse communities. 

Mucin glycan structural patterns influence their potency and specificity  

Building off our finding that community composition diverged with mucins isolated from different 

niches (Figure 4.3A), an intriguing hypothesis is that conserved glycan structures on mucin may 

have a role in recruiting and retaining specific microbes and that differences in mucin glycosylation 

may in turn impact the selectivity of mucus. To test this hypothesis, we created pools of glycans 

from MUC5AC and MUC5B and applied partial acid hydrolysis to MUC5AC glycans to obtain a 

glycan library of reduced complexity (Wang et al. 2020). Libraries of MUC5B and MUC5AC 

glycans tend to contain highly diverse, yet overlapping structures, with ~25% of the MUC5B 

glycan library being unique to MUC5B and only 4% of the MUC5AC glycan library unique to 

MUC5AC (unpublished data). In general, MUC5B glycans were longer and contained slightly 

more fucose and sialic acid than MUC5AC glycans (Figure 4.2A), while hydrolyzed glycans 

consisted almost entirely of unmodified core structures without fucosylation or sialylation (Wang 

et al. 2020). The most abundant structures on MUC5B and MUC5AC were present in both libraries 

at different relative abundances: fucosylated core-1 (26.0% and 17.3%, respectively), fucosylated 

core-2 (13.2% and 40.2%, respectively), core-2 glycans extended with both galactose and fucose 

(2.3% and 7.7%, respectively), and unmodified core-1 (2.6% and 3.7%, respectively). This library 
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of mucin glycans positioned us to test whether differences in structural complexity, glycan size, 

and/or modification with fucose or sialic acid influence the ability of mucin glycans to retain 

microbial diversity. 

To determine whether different glycan profiles select for different microbes, we cultured native 

microbial communities in pools of complex MUC5B glycans, MUC5AC glycans, or partially 

hydrolyzed glycans and evaluated how specific glycosylation patterns impacted the composition 

of the microbial communities (Figure 4.5Aii). Communities grown in MUC5AC glycans and 

MUC5B glycans exhibited similar trends in diversity (Figure 4.5B, 4.5C) and membership (Figure 

4.5D-H), providing evidence that glycan structures contribute to mucin’s conserved ability to 

support characteristics of microbial communities associated with health. However, MUC5AC 

glycans generally had a stronger effect on the community composition than MUC5B glycans, 

particularly regarding the reduction of Salivarius streptococci (Figure 4.5D) and retention of Mitis 

streptococci (Figure 4.5E). The precise glycan patterns in each of the glycan pools therefore likely 

impact their function. In addition, the hydrolyzed glycan library (which had lower complexity) had 

an intermediate effect on diversity relative to mucin glycans and medium alone (Figure 4.5B). 

Intriguingly, this intermediate effect on diversity was not due to partial function across all bacterial 

groups, but rather due to changes in a subset of select taxa to an extent comparable to those 

prompted by the fully complex MUC5AC and MUC5B glycan pools. Specifically, relative to 

medium alone, hydrolyzed glycans increased the abundance of Parasanguinis streptococci and 

Gemella (Figure 4.5F, 4.5H) but not Mitis streptococci or Granulicatella (Figure 4.5E, 4.5G), 

suggesting that unmodified core structures may be sufficient to enrich certain bacteria, while the 

presence of fucose, sialic acid, and extended N-acetyl lactosamine chains may be important for 

maintaining others. Collectively, these findings reveal that mucin glycans maintain the diversity 

and composition of microbial communities, and that the potency and specificity of these effects 

vary with glycan pools with differing complexity and structures.  

Discussion 

Dietary sugar as well as changes in mucus production are associated with dysbiosis and the 

progression of various diseases (Baughan et al. 2000; Einerhand et al. 2002; Fahy & Dickey 2010; 

Marsh 1991; Szkaradkiewicz-Karpińska et al. 2019; Zhernakova et al. 2016). However, the 

underlying mechanisms by which the mucus layer impacts community composition and structure 
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to promote health was unclear. To address this gap, we developed a highly tractable and clinically-

relevant mucin-based ex vivo culturing system with the ability to bridge in vivo and in vitro 

microbiome studies. The ability to culture highly diverse microbial communities ex vivo represents 

a valuable tool for the research community, allowing researchers to answer mechanistic questions 

about how the host mediates microbial community assembly. Here, we found that mucin glycans 

protected against compositional changes associated with disease. Specifically, mucin glycans 

resisted the collapse of microbial diversity and opposed microbial outgrowth in the presence of 

simple dietary sugars, rendering efficient glucose metabolizers less competitive. Furthermore, 

when nutrients were scarce, we found that mucin glycans could serve as a metabolic substrate to 

recruit microbes and foster diversity.  

While many strains of bacteria retained by mucin, mucin glycans, or monosaccharides encode 

glycan degradation machinery, about half of the retained genera did not possess putative mucin-

targeting glycoside hydrolases (Figure S4.3A) and are not known to utilize metabolic byproducts 

like lactic acid . This suggests that mucin glycan degradation may facilitate cooperativity and 

support the growth of certain bacteria (e.g., Gemella), but not others (e.g., Streptococcus). In 

combination with previous work (van der Hoeven et al. 1990; Wickström & Svensäter 2008), these 

findings underscore that mucin glycans can indeed influence community composition by serving 

as a nutritional substrate. However, it is unlikely that mucin glycans acting solely as a source of 

nutrition are sufficient to maintain diverse communities in the host. Several studies have 

demonstrated that bacteria with the ability to utilize mucin glycans actually prefer to consume 

dietary sugars  when they are available (Schwalm et al. 2017; Sonnenburg et al. 2005). 

Consequently, the nutritive role of mucin glycans may be masked in native saliva or 

gastrointestinal mucus, where dietary polysaccharides and fermentable sugars are often abundant. 

Further, while commensals may benefit from diverse nutrient availability, so too can potentially 

harmful bacteria whose ability to utilize mucin glycans or byproducts of mucin metabolism could 

drive outgrowth (Flynn et al. 2016; Hall et al. 2017; MacMillan et al. 2019). Thus, while mucin’s 

ability to serve as a substrate is important in certain contexts, it is also likely that mucin glycans 

act through additional mechanisms to maintain microbial homeostasis.  

This possibility is supported by the experiments performed in the high-glucose medium, where the 

metabolic contributions of mucin glycans were masked (Figure 4.5J). In this high-glucose 

environment, mucin glycans promoted the coexistence of competing bacteria (Figure 4.5, 4.6) that 
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did not benefit from glycans supplied as a sole carbon source (Figure 4.4). Thus, in this condition, 

mucin glycans likely prevent the collapse of diversity through mechanisms beyond nutrition, such 

as modulating cooperative and antagonistic microbial interactions between bacteria. For instance, 

mucin glycans can suppress quorum sensing in certain bacteria (Wheeler et al. 2019), which 

controls the production and secretion of numerous inhibitory compounds (Mukherjee & Bassler 

2019). Moreover, the salivary mucin MUC5B promotes the prolonged coexistence of the oral 

commensal Streptococcus sanguinis and the cariogenic Streptococcus mutans by preventing 

surface colonization (Frenkel & Ribbeck 2017), and MUC5AC glycans prevent killing of 

Escherichia coli and Burkholderia cenocepacia by Pseudomonas aeruginosa by suppressing the 

expression of its bactericidal type VI secretion system (Wang et al. 2020). Taken with the findings 

of this study, these dual species models further highlight how the attenuation of competitive 

interactions by mucins or mucin glycans can facilitate the coexistence of competing species to 

promote diversity.  

Intriguingly, the degree to which mucin glycans resisted dysbiosis and the specific microbes 

retained by these glycans were influenced by the precise patterns present in each glycan library 

(Figure 4.5). In the living host, mucin glycosylation profiles vary across body sites (Holmen 

Larsson et al. 2013; Tailford et al. 2015). Thus, the presentation of characteristic mucin 

glycosylation patterns may be a mechanism by which the body recruits bacteria to a given mucosal 

niche and may contribute to the distinctive microbial profiles observed at each site. Changes to 

these characteristic mucin glycosylation patterns may, in turn, lead to dysbiosis. The ability to tune 

these glycosylation patterns would therefore represent a promising strategy for altering the 

composition and behavior of the microbiota in a manner that benefits host health. 
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Materials and Methods 

Collection of inoculating microbial communities. Human saliva (5 mL) was collected from 

healthy subjects through gentle aspiration with a custom vacuum pump. Subjects were asked to 

refrain from any food or drink 2 h before donating saliva. Saliva samples were collected after 

explaining the nature and possible consequences of the studies, obtaining informed consent, and 

receiving approval from the institutional review board and Massachusetts Institute of 

Technology’s Committee on the Use of Humans as Experimental Subjects under protocol 

#1312006096. For each inoculum, saliva samples from three donors were pooled. 

Mucin purification. This study used native porcine gastric mucins (MUC5AC), porcine intestinal 

mucins (MUC2), and human salivary mucins (MUC5B). Native mucins were purified as 

previously reported (Caldara et al. 2012; Frenkel & Ribbeck 2015; Kavanaugh et al. 2014). Briefly, 

mucus was scraped from fresh pig stomachs and intestines, solubilized in sodium chloride with 

protease inhibitors, and insoluble material was removed by ultracentrifugation at 190,000 x g for 

1 h at 4 °C (40,000 rpm, Beckman 50.2 Ti rotor with polycarbonate bottles). Submandibular saliva 

was collected in bulk (50 mL/sample) from human volunteers using a custom vacuum pump, 

pooled, centrifuged, and protease inhibitors were added. Mucins were purified using size-

exclusion chromatography on separate Sepharose CL-2B columns. Mucin fractions were then 

desalted, concentrated, and lyophilized for storage at -80 °C. Lyophilized mucins were 

reconstituted by shaking them gently at 4 °C overnight in the desired medium. Mass spectrometry 

was used to monitor the composition of purified mucin extracts, as is routine (Caldara et al. 2012). 

Isolation of mucin O-glycans. This study applied non-reductive alkaline β-elimination 

ammonolysis to dissociate non-reduced glycans from mucins as described previously (Wang et al. 

2020; Wheeler et al. 2019). Purified mucins were dissolved in ammonium hydroxide saturated 

with ammonium carbonate and incubated at 60 °C for 40 h to release oligosaccharide 

glycosylamines and partially deglycosylated mucins. Volatile salts were removed via repeated 

centrifugal evaporation and the oligosaccharide glycosylamines were separated from residual 

deglycosylated mucins via centrifugal filtration through 3-5 kDa molecular weight cut-off 

membranes in accordance with the manufacturer’s instructions (Amicon Ultracel). The resulting 

oligosaccharide glycosylamines were converted to reducing oligosaccharide hemiacetals via 

treatment with boric acid. Residual boric acid was removed via repeated centrifugal evaporation 
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from methanol. Glycans were further purified via solid-phase extraction through Hypercarb mini-

columns (ThermoFisher) and residual solvents were removed through centrifugal evaporation. 

MALDI-TOF mass spectrometry is routinely used to monitor the composition of the isolated 

mucin glycans (Wang et al. 2020; Wheeler et al. 2019). 

Partial acid hydrolysis of released mucin O-glycans. For isolation of core glycan structures, we 

used partial acid hydrolysis (Wang et al. 2020) in which different monosaccharides were 

hydrolyzed from intact glycans. To remove terminal sialic acid and fucose, glycans were incubated 

in 1 M trifluoroacetic acid at 80 °C for 4 h. Glycans were then neutralized with KOH, incubated 

at room temperature for 10 min to allow salts to precipitate, and then centrifuged at 16,000 x g for 

10 min to remove precipitant. Soluble glycans were purified through Hypercarb cartridges primed 

with 4 column volumes of 100% acetonitrile, then flushed with 4 column volumes of water. 

Hypercarb cartridges were washed with 2 column volumes of water and 1 column volume of 2% 

acetonitrile to remove salts and monosaccharides. Glycans were then eluted using 2 column 

volumes of 50% acetonitrile and dried via centrifugal evaporation. 

Batch culture. Native bacterial communities from healthy individuals were grown in various 

controlled environments consisting of chemically defined medium (He et al. 2008) with glucose 

as the carbon source or without the addition of a carbon source. Pooled saliva samples were 

inoculated into 100 µL of culture medium with or without mucin, a pool of free monosaccharides 

present on mucin (including N-acetyl glucosamine, N-acetyl galactosamine, galactose, fucose, and 

sialic acid in equal concentrations; each monosaccharide purchased from Sigma), or a pool of 

isolated mucin glycans. Cultures were incubated under anaerobic conditions for up to 48 h at 37 

°C, and then collected via centrifugation for total DNA extraction. 

Serial passaging. To assess the membership of stabilized communities cultured with or without 

mucin glycans, we sequentially passaged healthy microbial communities. Aliquots (5 µL) of the 

starting saliva pool were inoculated into 100 µL of the chemically-defined glucose medium. In 

addition to medium alone, culture medium was supplemented with a pool of isolated mucin 

glycans. Cultures were grown anaerobically for 48 h at 37 °C. Each culture was homogenized by 

pipetting up and down 10 times before passaging. Passaging was performed by taking 2 µL from 

each culture as inocula for 100 µL of fresh medium. This process was repeated every 48 h for a 
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total of 10 passages. Samples were collected after each passage, flash frozen, and stored at -80 °C 

prior to DNA extraction and sequencing. 

Community membership analysis. Total genomic DNA from bacterial samples was isolated at 

multiple time points from 0 to 48 h with an initial lysozyme treatment (Thermo Fisher) and bead 

beating step with lysing matrix B (MP Biomedicals), followed by extraction with the MasterPure 

DNA Purification Kit (EPICENTRE) in accordance with the manufacturer’s instructions. The V4 

region of the 16S rRNA gene was PCR amplified and the resulting amplicons were cleaned, 

quantified, and sequenced on the Illumina MiSeq platform by the MIT BioMicro Center as 

previously described (Preheim et al. 2013). Raw sequences (300 bp paired end reads) were 

processed and taxonomic assignments were determined using QIIME2 (Quantitative Insights Into 

Microbial Ecology) (Estaki et al. 2020) and the Human Oral Microbe Database (Chen et al. 2010). 

QIIME2 was also used to quantify diversity metrics. Prior to calculating fold changes, a 

pseudocount of 0.001% was added (corresponding to < 1 read) to each taxa to ensure the generation 

of real numbers. Hierarchical clustering was performed and visualized using Morpheus 

(https://software.broadinstitute.org/morpheus). Specifically, unless otherwise noted, communities 

were clustered based on the relative abundance of each genera present at >0.1% average abundance 

in at least one condition using the 1-Pearson distance metric, and average linkage. 

Validation of Streptococcus group annotations. Since streptococci have highly similar 16S 

regions (Facklam 2002; Kawamura et al. 1995), we sequenced the variable ribosomal intergenic 

spacer region of streptococci isolated from the saliva samples to further verify these assignments. 

Following growth in medium with or without mucin glycans, microbial communities were 

homogenized by pipetting up and down and then 1 µL of medium was used to isolate individual 

bacteria on Brucella blood agar plates with hemin, and vitamin K (VWR). After growth for 48 h 

in an anaerobic box at 37 ºC, single colonies were picked and re-streaked onto Mitis-Salivarius 

agar (VWR), a selective medium that facilitates the growth and phenotypic identification of 

streptococci. After growth for 48 h in an anaerobic box at 37 ºC, single colonies were picked and 

cultured in liquid medium. Once turbid, bacterial DNA was extracted, purified, and quantified by 

nanodrop. The intergenic spacer region between the large and the small subunit of ribosomal 

sequences (RIS) was then PCR amplified using the Phusion high fidelity polymerase Master Mix 

(NEB), purified template DNA, and the following primers: Forward (5′-

TGCGGCTGGATCCCCTCCTT-3′) and Reverse (5′-CCGGGTTTCCCCATTCGG-3′) 

https://software.broadinstitute.org/morpheus
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(Cardinale et al. 2004). To amplify the gene product, the following cycling parameters were used: 

Initial denaturation, 98°C for 3 m. 35 cycles: Denaturation, 98°C for 10 s; Annealing, 56°C for 30 

s; Extension, 72°C for 45 s. Final extension, 72°C for 10 m. In total, 7 isolates were successfully 

obtained and sequenced. Alignment with BLAST identified 4 isolates as Streptococcus salivarius, 

and 3 isolates as Streptococcus oralis. Sequences aligning to the Streptococcus oralis RIS region 

also aligned at >99% identity to the Streptococcus mitis and Streptococcus infantis RIS regions.  

Statistical analysis. Unless otherwise noted, significant changes in diversity relative to medium 

alone were assessed using the repeated measures one-way ANOVA with Dunnett’s multiple 

comparison test. Significant changes in taxa abundance were identified with one-way, two-sided 

t-tests. Significance threshold was adjusted with Bonferroni correction for multiple comparisons.  
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Figures  

  
 
Figure 4.1. Culturing oral microbial communities in mucin-free medium leads to a collapse of diversity 

associated with the outgrowth of Salivarius streptococci. (A) Schematic of the relationship between mucus 

production and microbial communities. Symbols: yellow square, N-acetyl galactosamine; yellow circle, 

galactose; blue square, N-acetyl glucosamine; red triangle, fucose; purple diamond, sialic acid. (B) Inoculating 

communities derived from human saliva were taxonomically rich. The labels A and B following each number 

denote replicate communities derived from the same human subjects. (C) Alpha diversity of microbial 

communities decreased following growth in glucose medium over time. Time points 0, 8, 48 h (n=8); time 

points 16 and 24 h (n=4). The center line indicates the median, the box limits indicate the upper and lower 

quartiles and the whiskers indicate the minimum and maximum values. Each point represents an independent 

replicate. (D) Microbial communities became increasingly dissimilar to the starting inoculum following growth 

in the presence of glucose and absence of host factors. Time points and n as in (C). The center line indicates the 

median, the box limits indicate the upper and lower quartiles and the whiskers indicate the minimum and 

maximum values. Each point represents an independent replicate. (E) The majority of genera that were 

dominant in the native oral microbiota had reduced abundances following growth in glucose medium for 48 h. 

Bar length represents the mean change in abundance, each point represents the change for an independent 

replicate, and error bars indicate standard error of the mean (SEM). Significant changes in taxa abundance were 

identified with one-way, two-sided t-tests. Significance threshold was adjusted with Bonferroni correction for 

multiple comparisons * p < 0.0042. (F) Salivarius streptococci relative abundance increased, while 

Mitis/Parasanguinis streptococci abundance decreased following growth in glucose medium. Each point 

represents the average relative abundance, and bars represent SEM. Time points and n as in (C). 
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Figure 4.2. Mucins isolated from saliva (MUC5B), gastric mucus (MUC5AC), or intestinal mucus (MUC2) 

promote microbial diversity. (A) Comparison of mucin isoforms utilized in this study. Mucin glycosylation 

patterns are adapted from unpublished data. Abbreviations: LacNAc, N-acetyl lactosamine; Neu5AC, sialic acid. 

Symbols: yellow square, N-acetyl galactosamine; yellow circle, galactose; blue square, N-acetyl glucosamine; 

red triangle, fucose; purple diamond, sialic acid. (B) Microbial communities cultured in medium with mucins 

for 48 h had higher alpha diversity relative to communities cultured in medium alone (n=4). The center line 

indicates the median, the box limits indicate the upper and lower quartiles and the whiskers indicate the 

minimum and maximum values. Each point represents an independent replicate. Significant differences 

relative to medium without mucin were assessed using the repeated measures one-way ANOVA with Dunnett’s 

multiple comparison test, * p < 0.05, ** p < 0.01. (C) Microbial communities cultured in medium without mucins 

were more dissimilar to the native microbiota (starting inoculum) than communities cultured in medium with 
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mucins (48 h, n=4). The center line indicates the median, the box limits indicate the upper and lower quartiles 

and the whiskers indicate the minimum and maximum values. Each point represents an independent replicate. 

Significance assessed as in (B), * p < 0.05, ** p < 0.01. (D,E) Communities grown in medium with mucin had (D) 

higher relative abundance of Mitis/Parasanguinis streptococci and (E) lower abundance of Salivarius 

streptococci than communities cultured in medium alone (n=4). Each point represents the average relative 

abundance, and bars represent SEM. All experiments were performed using inoculating communities 1 and 2, 

as depicted in Figure 4.1B. See also Figure S4.1 and Figure S4.2.   
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Figure 4.3. Microbial communities cluster according to the environments in which they were cultured. 

(A) Dendrograms represent average linkage clustering (1-Pearson distance metric) of ex vivo communities 

based on the microbial composition (48 h). (B) Dendrograms represent average linkage clustering of taxa based 

on their abundance profiles across samples. Heatmap shows the relative abundance of microbial taxa present 

at >0.1% abundance (48 h), and the color key is indicated in the upper right corner. (i-iii) Groups of microbes 

that cooccur within communities cultured in a particular environment or within communities derived from the 

same microbiota. (i) Taxa with a relatively high abundance in the mucin clusters compared to the no mucin 

cluster. (ii) Taxa with a relatively high abundance in medium with MUC2 compared to medium alone or 

medium with other mucins. (iii) Taxa with a relatively high abundance in inoculum 2 compared to inoculum 1.  
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Figure 4.4. Mucins and mucin glycans provided as the sole carbon source promote the culturability of 

native microbial communities. (A) Microbial communities cultured for 48 h in medium with 0.25% mucins 

or 0.25% mucin glycans as the sole carbon source had higher alpha diversity relative to communities cultured 

in medium with 0.5% glucose as the carbon source (n=4). The center line indicates the median, the box limits 

indicate the upper and lower quartiles and the whiskers indicate the minimum and maximum values. Each 

point represents an independent replicate. Significant differences relative to the native microbiota (starting) 

were assessed using the repeated measures one-way ANOVA with Dunnett’s multiple comparison test, ** p < 

0.01. (B) Microbial communities cultured in medium with glucose as the carbon source were more dissimilar 

to the native microbiota (starting inoculum) than communities cultured in medium with mucins, mucin glycans, 

or mucin monosaccharides as the sole carbon source (48 h, n=4). The center line indicates the median, the box 

limits indicate the upper and lower quartiles and the whiskers indicate the minimum and maximum values. 

Each point represents an independent replicate. Significant differences relative to medium with glucose were 

assessed using the repeated measures one-way ANOVA with Dunnett’s multiple comparison test, * p < 0.05, ** 

p < 0.01, *** p < 0.001. (C) Microbial communities cultured for 48 h with mucin or mucin glycans as the sole 

carbon source clustered with native microbiota (starting); communities cultured with monosaccharides or 

glucose formed a separate cluster. Bars show the average composition of microbial communities. Relative 

abundance of each genus is the average of four independent replicates. Overlaying tree is based on the results 
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of the hierarchical clustering presented in Figure S4.3B. (D) The majority of genera that were dominant in the 

native oral microbiota were not significantly altered following growth in medium with mucin glycans as the 

sole carbon source for 48 h. Bar length represents the mean change in abundance, each point represents the 

change for an independent replicate, and error bars indicate standard error of the mean (SEM). Significant 

changes in taxa abundance were identified with one-way, two-sided t-tests. Significance threshold was adjusted 

with Bonferroni correction for multiple comparisons * p < 0.0036. (E) Venn diagram of genera and groups of 

streptococci retained (log2 fold change > -1) in cultures with different carbon sources. Bolded genera likely 

encode putative mucin glycan degradation machinery according to the CAZy database. All experiments in 

Figure 4.4 were performed using inoculating communities 3 and 4, as depicted in Figure 4.1B. See also Figure 

S4.3.  
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Figure 4.5. Complex mucin glycans support microbial diversity and promote the assembly of 

multispecies communities. (A) Summary of experimental batch culture conditions. Monosaccharide symbols: 

yellow square, N-acetyl galactosamine; yellow circle, galactose; blue square, N-acetyl glucosamine; red triangle, 

fucose; purple diamond, sialic acid. (B) Microbial communities cultured in medium with mucin glycans for 48 

h had higher alpha diversity relative to communities cultured in medium alone (n=4). The center line indicates 

the median, the box limits indicate the upper and lower quartiles and the whiskers indicate the minimum and 

maximum values. Each point represents an independent replicate. Significant differences relative to medium 

alone were assessed using the repeated measures one-way ANOVA with Dunnett’s multiple comparison test, 

** p < 0.01. (C) Microbial communities cultured in medium alone were more dissimilar to the native microbiota 

(starting inoculum) than communities cultured in medium with mucin glycans (48 h, n=4). The center line 

indicates the median, the box limits indicate the upper and lower quartiles and the whiskers indicate the 

minimum and maximum values. Each point represents an independent replicate. Significance was assessed as 

in (B), * p < 0.05, ** p < 0.01. Note: Medium alone diversity measurements in panels (B) and (C) are duplicated 

from Figures 4.4B and 4.4C (glucose) for comparison. (D-H) Communities grown for 48 h in medium with 

mucin glycans had a lower relative abundance of (D) Salivarius streptococci, and a higher relative abundance 

of (E) Mitis streptococci, (F) Parasanguinis streptococci, (G) Granulicatella, and (H) Gemella relative to 

communities grown in medium alone. (D-H) Bar length represents the mean change in abundance, each point 

represents the change for an independent replicate (n=4), and error bars indicate SEM. (I) Salivarius 

streptococci increased in relative abundance compared to the native microbiota (starting) following growth in 

medium with glucose for 48 h. Mitis/Parasanguinis streptococci decreased in relative abundance compared to 

the native microbiota (starting) following growth in medium with mucin glycans or glucose as a sole carbon 

source for 48 h, but coexisted with Salivarius streptococci when glucose and glycans were both present in the 

medium. (J) Gemella and Granulicatella increased in abundance relative to the native microbiota (starting) after 
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being cultured with mucin glycans as a sole carbon source for 48 h, but decreased in relative abundance when 

glucose was supplied as a carbon source. (I, J) Points represent the mean relative abundance for 4 independent 

replicates, and error bars indicate SEM. All experiments were performed with inoculating communities 3 and 

4, as depicted in Figure 4.1B. See also Figure S4.4. 
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Figure 4.6. Mucin glycans promote the prolonged coexistence of competing microbes. Relative 

abundance of taxa in microbial communities after serial passaging in (A) medium alone or in (B) medium with 

mucin glycans. Each graph represents an independent serial passaging experiment with inoculating community 

3 or 4, as indicated. (A) Community 3B, passages #8-10 contained insufficient sequencing reads, and were 

excluded from analysis. 
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Chapter 5: Conclusions 

In this thesis, I present three projects that explore how mucins, and specifically their attached 

glycans, influence bacterial virulence, host-pathogen interactions, and interspecies competition. In 

Chapter 2, I identified a previously unrecognized role for mucin glycans as potent host-derived 

regulators of bacterial phenotype. In particular, I discovered that mucin glycans suppress a range 

of acute and chronic virulence traits in the opportunistic pathogen P. aeruginosa, which is 

associated with a reduction in its ability to kill epithelial cells and proliferate in burn wounds. In 

Chapter 3, I further uncovered an underlying mechanism by which P. aeruginosa senses its 

presence in the mucus environment. I identified that a subset of core mucin glycans activate the 

histidine kinase RetS through its carbohydrate-binding Dismed2 domain, triggering the 

downregulation of the H1-T6SS. This glycan-mediated signaling prevents T6SS-dependent 

bacterial killing of neighboring bacterial cells by P. aeruginosa. In Chapter 4, I broaden the scope 

of this work to investigate how mucin glycans influence the culturability and composition of fully 

complex, naturally-derived bacterial communities. By combining 16S rRNA gene sequencing with 

a series of well-controlled culture based experiments, I show that mucin glycans resist the collapse 

of microbial diversity by retaining health-associated bacteria that would otherwise be 

outcompeted. In a carbon-deplete environment, mucin glycans serve as a complex metabolic 

substrate to recruit microbes and foster diversity. Whereas in a glucose-replete environment, mucin 

glycans retain diversity by rendering effective glucose metabolizers less competitive. Overall, the 

projects in this thesis reveal the broad functions of mucin glycans in preserving host health, and 

thus open many avenues of future research that I detail in this chapter. 

Limitations and Extensions 

Bulk mucin and glycan preparation 

A major obstacle encountered throughout this work is the limited commercial availability of intact 

mucins. To circumvent this limitation, the Ribbeck lab has developed protocols to purify the major 

gel-forming mucins from native sources (Caldara et al. 2012; Frenkel & Ribbeck 2015; Kavanaugh 

et al. 2014; Lieleg et al. 2010). This purification protocol is relatively gentle and leaves mucins in 

their native form (Wagner et al. 2018). Similarly, free mucin glycans are not commercially 

available, are difficult to synthesize, and therefore must be isolated from purified mucin. Unlike 
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N-linked glycans, which can be released enzymatically from tissues, the O-linked glycans present 

on mucin are released from the mucin backbone chemically through the process of alkaline β-

elimination (Cummings & Pierce 2014). In the past, this isolation process from native tissue to 

purified glycans yielded only analytical quantities of material. Although the scope of experiments 

that were feasible at the onset of this work were limited by the technical challenges of purifying 

mucin glycans, over the course of this thesis, we have optimized these protocols to facilitate bulk 

preparation of mucin glycans for some of the first functional studies with bacteria. In building off 

this work, it is now possible to obtain milligrams of highly pure glycans from various mucin types. 

Thus, I anticipate it will soon be feasible to screen individual glycans for function as well as 

develop genome-wide screens for glycan-sensing pathways in mucin-responsive microbes. 

Testing for individual mucin glycan effectors 

The complexity of mucin glycans makes them ideal for encoding biological information with a 

high degree of specificity. In this thesis, I identified dozens of complex glycan structures on just 

the mucin MUC5AC alone. When isomeric forms and modifications like sulfation are taken into 

account, the diversity of O-linked glycans on a single mucin can increase to several hundred 

structures (Cummings & Pierce 2014). In this way, mucins present and retain a diversity of 

potential regulatory cues. Separation of individual glycans in high enough quantity for functional 

studies is technically challenging with standard column-based chromatographic methods. The 

studies in this thesis circumvented this limitation by isolating a subset of core glycans through the 

application of partial acid hydrolysis and separation on a porous graphitic carbon (PGC) cartridge. 

In chapter 3, this approach enabled the identification of the core mucin glycan structures as signals 

for the sensor kinase RetS in P. aeruginosa. However, this approach does not permit the study of 

larger, branching structures.  

Ideally, future work will further optimize procedures for the preparative separation of mucin 

glycans using a combination of mixed-mode hydrophilic interaction liquid chromatography/anion-

exchange chromatography (HILIC/AEX), which separates glycans based on length and number of 

negative charges (Deguchi et al. 2008), and PGC chromatography, which separates glycans based 

on hydrophobic interactions and hydroxyl orientations (Melmer et al. 2011). After separation, 

glycan fractions can be used in functional studies to identify specific bioactive structures. Since 

mucin glycosylation is often altered in different tissues and in disease states, the ability to 
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systematically test individual glycans may reveal specific changes associated with altered mucin 

function and thus identify therapeutic targets for restoring a healthy mucus barrier. 

Glycan-responsive pathways beyond RetS/GacS 

In Chapter 3, I report the first identified mucin glycan sensor in P. aeruginosa as RetS, a well-

characterized histidine kinase with a putative carbohydrate-binding Dismed2 domain. I report that 

glycan sensing through RetS leads to the suppression of the H1-T6SS as well as the majority of 

the RetS regulon, but not RetS-independent phenotypes like quorum sensing, biofilm dispersal, 

and siderophore production. It is therefore likely that glycans act through different pathways to 

control these virulence traits. Additional research will be required to identify the pathways 

mediating these changes in virulence in response to mucin glycans as well as the underlying 

mechanism of action. For example, mucin glycans may signal directly through these pathways by 

binding to receptors with carbohydrate-binding Dismed2 domains, such as RetS as well as the 

sensory proteins LadS and NicD (Basu Roy & Sauer 2014), or indirectly by titrating away other 

exogenous signals in the environment. In the case of a direct interaction with the periplasmic 

Dismed2, further research will also be required to determine how mucin glycans are released from 

the mucin backbone and traverse the outer membrane of P. aeruginosa. 

Another key question is whether the observed reduction in bacterial virulence in response to mucin 

glycans is a general response in other microbes with conserved regulatory pathways or structurally 

related sensory proteins. Previous work in the Ribbeck lab indicates that mucins indeed inhibit 

virulence in a range of cross-kingdom pathogens beyond P. aeruginosa including Candida 

albicans (Kavanaugh et al. 2014) and Streptococcus mutans (Frenkel & Ribbeck 2015). It is 

interesting to note that biofilm formation is reduced in all three of these pathogens. This raises the 

question of whether glycans suppress surface attachment through a conserved mechanism or 

through a convergent one. In either case, the ability of mucins to target group behaviors suggests 

that these molecules may be able to broadly alter the function of microbial communities. 

Glycan-mediated changes to community function 

In Chapter 4, I focus on how mucin glycans resist ecological imbalance of native microbial 

communities following growth ex vivo. While compositional changes in oral microbial 

communities are certainly important for health (De Paiva et al. 2016; Goel et al. 2019; Kumar et 

al. 2006; Sudhakara et al. 2018), the collective function of these communities is also a critical and 
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understudied driver of health and disease. For this reason, in future studies it will be informative 

to couple gene sequencing studies with metatranscriptomics and metabolomics, which will provide 

an overview of how community function and resource use are altered in the presence of mucin 

glycans. 

Variations of the culturing conditions  

In all three projects discussed in this thesis, I focus on how mucin glycans influence bacteria 

following growth in batch culture over a relatively short period of time. This approach maximizes 

throughput, allows for direct comparisons between experimental conditions, and tests the initial 

response of a bacteria or community to a new environment. However, relying solely on batch 

culturing limits the ecological questions that can be addressed in Chapter 4. For example, stable 

states can only be identified in an open culturing system after dozens of generations. To address 

this limitation, I included experiments that allowed complex bacterial communities to undergo 

multiple-dilution regrowth cycles and tracked how diversity within the communities change over 

time. In Chapter 4, I perform this experiment in glucose medium with or without mucin glycans; 

however, it would also be informative to repeat these passaging experiments with mucin glycans 

as a sole carbon source. Ideally, I could also utilize this same approach to assess the stability and 

resilience of communities in response to perturbations or exposure to a pathogen or probiotic 

spike-in.  

In addition to varying the duration of the experiment, it would be interesting to expand our 

inoculum sampling to include microbial communities derived from other niches such as the nasal 

cavity, stool, or the environment. This would allow us to better assess how the initial composition 

and the precise interaction network of the community impacts the final composition. Sampling 

dysbiotic communities from certain disease states would further allow us to assess whether mucin 

glycans can shift these communities back to a more commensal state.  

Another potentially informative variation of our culturing system is to test other metabolic 

substrates beyond glucose. Using a glucose polymer like starch, another dietary monosaccharide 

like fructose, or a chemically distinct carbon source like succinate, citrate, or leucine would help 

us to systematically assess how the primary metabolic substrate in the culture medium affects 

glycan function. Additionally, by comparing the final compositions of communities grown on each 
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of these substrates, I may begin to answer fundamental questions about the relative contributions 

of competition, facilitation, and metabolism on microbial community assembly.  

Tractable mucin-based models of the host environment for ex vivo bacterial studies 

Over the past two decades, 16S and metagenomic sequencing studies have revealed an important 

link between microbial community composition and human health; however systematically testing 

how host factors or chemical interventions influence bacterial communities is challenging. In vitro 

culturing systems are widely available and represent one of the most controllable environments 

for mechanistic and molecular profiling; however, these systems often become dominated by a 

few competitive organisms and are therefore less physiologically relevant for the complex 

microbial communities found in mucosal niches of the human body. On the other hand, it can also 

be challenging to study the factors influencing bacterial behavior and community assembly in vivo 

due to physiological differences between individuals and lack of experimental control. For this 

reason, the resulting associations are typically correlative rather than clearly causal.  

In this thesis, I tackled this problem by building tractable models for studying host-associated 

microbes in a native mucus-like environment, while reducing environmental heterogeneity. I show 

that mucin-based medium better captures the diversity of complex oral communities found in 

health than a glucose-based medium. Based on these studies, I can now layer on complexity by 

adding in additional factors within the mucosal environment including immune factors, host-

produced proteins, or extracellular DNA. In doing so, I have not only developed a tractable model 

bridging in vitro and in vivo studies, but also detailed an experimental system that can be used to 

address how other host factors in mucus influence individual microbes or communities of 

microbes. 

Mucin glycans as therapeutic molecules 

Antibiotic resistance is a growing global concern that presents a clear danger and urges the 

development of treatment strategies that do not drive resistance. Targeting virulence to treat and 

prevent infections without killing the microbes would have significant advantage over existing 

strategies to combat infections because it would avoid the selective pressure that drives resistance 

(Maura et al. 2016). Additionally, antibiotics can have off-target consequences on the composition 

and function of the human microbiota (Xu et al. 2020). By developing a therapeutic based on 
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human biology, I anticipate soluble mucin glycans will have fewer off-target side-effects than 

traditional antibiotics and, based on the results of Chapter 4, may actually promote a healthy 

microbiota.  

In Chapter 2, I demonstrate that topical application of mucin glycans to burn wounds aids in the 

clearance of P. aeruginosa, highlighting the therapeutic potential of mucin glycans in treating 

opportunistic infections without antibiotics. Since mucins prevent or reverse biofilm formation in 

a wide range of cross-kingdom pathogens (Caldara et al. 2012; Co et al. 2018; Frenkel & Ribbeck 

2015; Kavanaugh et al. 2014; Wheeler et al. 2019), mucin glycans could also potentially be 

supplied as an antibiofouling coating on in-dwelling devices. Thus, mucin glycans represent a class 

of versatile and broad-spectrum anti-virulence molecules with the potential to treat microbial 

infections or dysbiosis without contributing to the growing problem of antibiotic resistance.  
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Supplementary Figures  

 

Figure S2.1. P. aeruginosa viability is not altered in the presence of native mucus solutions relative to the 

solubilization buffer. Data are mean CFU, colony-forming units, ± standard error, n = 3 biologically independent 

replicates. 
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Figure S2.2. Shared and distinct responses of P. aeruginosa to MUC5AC and MUC5B. Correspondence of 

expression changes in response to MUC5AC vs MUC5B (a) and MUC5B vs. MUC5AC glycans (b). Fold-change 

data are average measurements from 3 biologically independent replicates. c, Pathway analysis of non-

overlapping regions of Figure 2.2C indicates that similar virulence pathways are differentially regulated by 

these mucins, there are differences in the specific genes in these pathways. There are additional metabolic 

pathways unique to the response to MUC5B, including downregulation of sulfur metabolism. Significance of 

enrichment was assessed using the one-sided Mann-Whitney U test, where ranking was based on mean log2-

transformed fold changes from 3 biologically independent replicates.  
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Figure S2.3. Mucin-mediated suppression of virulence pathways is independent of specific experimental 

conditions including media, time point, and strain. Volcano plots of the RNA-seq profiles of P. aeruginosa PA14 

grown in M9 minimal media with or without MUC5AC for 5 hours (a) or 8 hours (b) and of P. aeruginosa PAO1 

grown in LB rich medium with or without MUC5AC for 8 hours (c) under shaking conditions. Fold-change data 

are average measurements. FDR was determined using the Benjamini Hochberg p-value adjustment method. 

Data are biologically independent replicates: LB (n = 3), M9 (n = 2). d, Gene list enrichment analysis identified 

type iii secretion, pyochelin and pyoverdine biosynthesis, and biofilm formation as significantly enriched 

among the downregulated gene sets. FDR < 0.05 are bolded. Significance of enrichment was assessed using the 

one-sided Mann-Whitney U test, where ranking was based on mean log2-transformed fold changes from 

biologically independent replicates: M9, 5h, PA14 (n = 2); M9, 8h, PA14 (n = 2); LB, 8h, PAO1 (n = 3). 
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Figure S2.4. qRT-PCR confirms that mucins downregulate the expression of key virulence genes. a, Linear 

regression of the log2-transformed fold changes (FC) in gene expression for 20 genes following 0.5% MUC5AC 

exposure measured by qPCR and RNA-seq revealed good correlation between the two techniques. Data are 

means, n = 3 biologically independent replicates. b-d, qPCR was used to validate the downregulation of key 

virulence genes by 0.5% MUC5AC (b), 0.5% MUC5B (c), and 0.01% MUC5AC glycans (d). Data are fold change 

measurements of gene expression based on mean change in qPCR cycle threshold (dCt) ± standard error, n = 3 

biologically independent replicates.  
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Figure S2.5. Validation of differentially expressed virulence pathways. (a) Alkaline protease (encoded by aprA) 

and (b) protease IV (piv) activities were reduced in the presence of MUC5AC or MUC5B relative to medium 

alone. a, n = 3 biologically independent replicates. b, n = 6 (Medium alone, MUC5AC) or 3 (MUC5B) biologically 

independent replicates. c, Exotoxin translocator pcrV expression as determined by qPCR was suppressed in 

mucin relative to medium alone, n = 3 biologically independent replicates. (d) Pyoverdine and (e) pyochelin 

production as determined by fluorescence were reduced in the presence of either mucin. d, n = 9 (Medium 

alone, MUC5AC) or 3 (MUC5B) biologically independent replicates. e, n = 4 (Medium alone, MUC5AC) or 3 

(MUC5B) biologically independent replicates. a-e, Data indicate mean ± standard error. Significance tested in 

relation to the medium alone control with one-sample two-sided t-test, followed by Bonferroni correction for 

multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

  



135 

 

 

Figure S2.6. Mucins prevent surface attachment and aggregation of P. aeruginosa. a, MUC5AC influences 

localization and aggregation of P. aeruginosa PAO1. Representative Z-stacks of GFP-expressing P. aeruginosa 

PAO1 cells (green) after exposure to MUC5AC for 5 hours show that mucin reduces surface attachment. Similar 

results were observed in different fields of view across three independent replicates. b, MUC5AC reduces the 

average bacterial aggregate size. Confocal images of PAO1 aggregates were analyzed using COMSTAT to 

quantify average aggregate volumes after 5 h of exposure to MUC5AC across six separate Z-stacks. Center line, 

median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range. Significance tested with two-

sided student t-test, *p<0.05. c, MUC5AC prevents P. aeruginosa attachment to glass. Representative confocal 

microscopy of GFP-expressing P. aeruginosa PAO1 cells (green) after exposure to MUC5AC for 5 hours. d, 

MUC5AC promotes suspended growth of P. aeruginosa. Each point represents a distinct aggregate identified 

via live 3-dimensional confocal microscopy; Z-position refers to distance from glass bottom. Data compiled 

from six separate z-stacks: no mucin (n = 3526 aggregates), MUC5AC (n = 1289). P. aeruginosa in media alone 

tended to grow in aggregates, with a few very large colonies each representing more than 10% of the total 

biomass, near to the bottom of the well. P. aeruginosa in media with MUC5AC exhibited a more vertically 

distributed mode of growth, with relatively small aggregates suspended at higher positions in the well. For 

media alone, nearly all the biomass is found within 20μm of the surface. Percentages represent the total 

biomass found at more than 5µm (indicated with dashed lines) from the surface. Similar results were observed 

in different fields of view across three independent replicates. 

 



136 

 

 

Figure S2.7. Mucins suppress surface attachment without inhibiting bacterial viability. a, Microbial adhesion 

to plastic based on crystal violet staining. Mucin prevents surface attachment by P. aeruginosa at the 5 hour 

time point. Center bar = mean ± standard error. Data points are biologically independent replicates: medium 

alone (n = 6), MUC5AC (n = 6), MUC5B (n = 3). Significance tested in relation to the medium alone control with 

one-way ANOVA, followed by Dunnett’s multiple comparisons correction. * p<0.05, *** p<0.001. b, Bacterial 

growth assay. Mucin does not have a bactericidal effect on P. aeruginosa based on optical density (OD) at 600 

nm. Data points are mean ± standard error, n = 3 biologically independent replicates.  
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Figure S2.8. Porcine thermal injury model. Six 2”x2” full thickness burn wounds were created on the back of 

pigs. At specified time points, full thickness wound tissue biopsies were collected using a 6 mm sterile 

disposable punch biopsy tool (shown above) for microbiological analysis. 
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Figure S2.9. A synthetic polymer solution (carboxymethylcellulose, CMC) does not replicate the mucin-

triggered response. a, CMC does not reduce surface attachment after 5 hours, n = 6 (Medium alone) and 3 (CMC) 

biologically independent replicates. b, CMC does not prevent HT-29 epithelial cell adhesion, n = 7 (Medium 

alone) and 4 (CMC) biologically independent replicates. c, Treatment with 0.5% CMC results in enhanced killing 

of HT-29 cells by P. aeruginosa. Data are mean ± standard error (SEM), n = 3 biologically independent replicates.  
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Figure S2.10. Mucin (MUC5AC) glycans trigger the disruption of P. aeruginosa biofilms. Confocal images of 

PAO1 WT (n = 10) (a) and PAO1 ΔfliD (n = 6) (b) biofilms were analyzed using COMSTAT to quantify biomass 

after 3 h of exposure to glycans. Center bars are mean ± standard error (SEM). Significance tested in relation to 

the medium alone control with an ordinary one-way ANOVA, followed by Bonferroni correction for multiple 

comparisons. *p ≤ 0.05 
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Figure S2.11. Mucin glycans, but not monosaccharides, prevent P. aeruginosa attachment to glass. 

Representative confocal microscopy of GFP-expressing P. aeruginosa PAO1 cells (green) after exposure to 

MUC5AC glycans for 5 hours. Similar results were observed in different fields of view across three independent 

replicates. 
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Figure S2.12. Mucin glycans, but not their monosaccharide components, reduce virulence factor production. 

0.01% (w/v) mucin glycans, but not a 0.01% (w/v) pool of the monosaccharide components, reduced alkaline 

protease activity (n = 3) (a), protease IV activity (n = 5) (b), and pyoverdine production (n = 5) (c). Increasing 

concentrations of the monosaccharide pool does not reduce siderophore production by P. aeruginosa. Center 

bars are mean ± standard error (SEM). Significance tested in relation to the medium alone control with a one-

sample t-test followed by Bonferroni correction for multiple comparisons. **** p<0.0001.  
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Figure S2.13. Exposure to mucin or mucin glycans induces a distinct transcriptional profile in P. aeruginosa 

relative to growth in media alone. Principal component analysis of the transcriptional profiles of P. 

aeruginosa cells grown in ABTGC minimal media (n = 6) with or without mucins (n = 3) or mucin glycans (n = 

3). Raw data of RNA-seq were normalized using the DESeq2 package. Dashed lines circle the three treatment 

groups. 
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Figure S2.14. Propidium iodide (PI) can detect cytotoxicity of HT-29 cells. (a) PI can detect dose dependent 

differences in cytotoxicity by Triton-X. Legend: Percentage Triton-X added to cell culture medium. (b) PI can 

detect host cell death caused by P. aeruginosa over time, without background from bacterial cell death. 

Representative plots, similar results were observed in six biologically independent replicates.  
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Supplementary Tables  

Locus Gene  MUC5AC MUC5B Pathway annotation 

PA0263 hcpC 0.34 2.25 Type 6 Secretion 

PA1512 hcpA 0.31 2.08 Type 6 Secretion 

PA1894 PA1894 0.34 5.65 Hypothetical 

PA3118 leuB 0.24 3.40 Amino acid biosynthesis 

PA3119 PA3119 0.25 4.57 Hypothetical 

PA3120 leuD 0.18 4.07 Amino acid biosynthesis 

PA3121 leuC 0.13 2.63 Amino acid biosynthesis 

PA3792 leuA 0.21 3.97 Amino acid biosynthesis 

PA4888 desB 0.30 2.10 Fatty acid and phospholipid metabolism 

PA5267 hcpB 0.32 2.28 Type 6 Secretion 

PA0049 PA0049 6.60 0.44 Hypothetical 

PA2019 mexX 4.32 0.48 Antibiotic resistance, Transport, Two-component systems 

PA2050 PA2050 2.30 0.38 Transcriptional regulators 

PA2109 PA2109 6.03 0.46 Hypothetical 

PA2110 PA2110 10.70 0.37 Hypothetical 

PA2111 PA2111 10.52 0.46 Hypothetical 

PA2112 PA2112 9.79 0.32 Hypothetical 

PA2113 opdO 10.85 0.22 Transport 

PA2114 PA2114 6.94 0.35 Transport 

PA2116 PA2116 9.56 0.46 Hypothetical 

PA2445 gcvP2 3.58 0.41 Amino acid metabolism 

PA2523 czcR 4.89 0.43 Transcriptional regulators, Two-component systems 

PA3372 PA3372 2.59 0.50 Phosphonate and phosphinate metabolism 

PA3412 PA3412 8.01 0.50 Hypothetical 

PA3443 PA3443 3.06 0.37 Sulfur metabolism, Transport 
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PA3444 PA3444 4.34 0.45 Sulfur metabolism 

PA3445 PA3445 3.46 0.27 Sulfur metabolism, Transport 

PA3446 PA3446 4.64 0.17 Hypothetical 

PA3936 PA3936 2.41 0.28 Sulfur metabolism, Transport 

 

Table S2.1. Fold changes and pathway annotations for the 29 genes inversely regulated by MUC5AC and 

MUC5B. FC are all relative to P. aeruginosa grown in media alone. Experiments were performed in ABTGC media 

supplemented with 0.5% MUC5AC or MUC5B at 5h with the PAO1 strain grown under static conditions. Notable 

transcriptional differences are in the hcp type 6 secretion pathway, which is upregulated by MUC5B, Leucine 

biosynthesis, which is upregulated by MUC5B, and sulfur metabolism, which is upregulated by MUC5AC, and 

may be related to differences in mucin-glycan sulfation. 
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Mass (m/z) 
Composition 

Proposed 

Structure Theoretical Observed 

692.4 692.3 Hex1HexNAc1Fuc1 
 

722.4 722.4 Hex2HexNAc1 
 

763.4 763.4 Hex1HexNAc2 
 

896.5 896.5 Hex2HexNAc1Fuc1 

 

937.5 937.5 Hex1HexNAc2Fuc1 
 

967.6 967.5 Hex2HexNAc2 
 

1008.6 1008.6 Hex1HexNAc3 

  

1141.7 1141.7 Hex2HexNAc2Fuc1 

 

1171.7 1171.7 Hex3HexNAc2 

 

1212.7 1212.7 Hex2HexNAc3 

 

1315.8 1315.8 Hex2HexNAc2Fuc2 

 

1345.8 1345.8 Hex3HexNAc2Fuc1 

 

1386.8 1386.8 Hex2HexNAc3Fuc1 

 

1416.8 1416.8 Hex3HexNAc3 
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1457.8 1457.8 Hex2HexNAc4 

 

1519.9 1519.9 Hex3HexNAc2Fuc2 

 

1560.9 1560.9 Hex2HexNAc3Fuc2 

 

1590.9 1590.9 Hex3HexNAc3Fuc1 

 

1620.9 1620.9 Hex4HexNAc3 

 

1631.9 1631.9 Hex2HexNAc4Fuc1 

 

1661.9 1662.0 Hex3HexNAc4 

 

1765.0 1765.0 Hex3HexNAc3Fuc2 

 

1795.0 1795.0 Hex4HexNAc3Fuc1 

 

1836.0 1836.0 Hex3HexNAc4Fuc1 

 

1866.1 1866.1 Hex4HexNAc4 
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1907.1 1907.1 Hex3HexNAc5 

 

1969.1 1969.1 Hex4HexNAc3Fuc2 

 

2010.1 2010.1 Hex3HexNAc4Fuc2 

 

2040.2 2040.1 Hex4HexNAc4Fuc1 

 

2070.2 2070.2 Hex5HexNAc4 

 

2081.2 2081.2 Hex3HexNAc5Fuc1 

 

2111.2 2111.2 Hex4HexNAc5 

 

2214.3 2214.2 Hex4HexNAc4Fuc2 

 

2244.3 2244.3 Hex5HexNAc4Fuc1 

 

2255.3 2255.3 Hex3HexNAc5Fuc2 
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2285.3 2285.3 Hex4HexNAc5Fuc1 

 

2315.3 2315.3 Hex5HexNAc5 

 

2356.3 2356.3 Hex4HexNAc6 

 

2388.4 2388.3 Hex4HexNAc4Fuc3 

 

2418.4 2418.3 Hex5HexNAc4Fuc2 

 

2459.4 2459.4 Hex4HexNAc5Fuc2 

 

2489.4 2489.4 Hex5HexNAc5Fuc1 

 

2519.4 2519.4 Hex6HexNAc5 

 

2530.4 2530.4 Hex4HexNAc6Fuc1 
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2560.5 2560.4 Hex5HexNAc6 

 

2592.5 2592.4 Hex5HexNAc4Fuc3 

 

2633.5 2633.5 Hex4HexNAc5Fuc3 

 

2663.5 2663.5 Hex5HexNAc5Fuc2 

 

2693.5 2693.5 Hex6HexNAc5Fuc1 

 

2704.5 2704.5 Hex4HexNAc6Fuc2 

 

2734.5 2734.5 Hex5HexNAc6Fuc1 

 

2764.6 2764.6 Hex6HexNAc6 

 

2805.6 2805.6 Hex5HexNAc7 
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2837.6 2837.6 Hex5HexNAc5Fuc3 

 

2867.6 2867.6 Hex6HexNAc5Fuc2 

 

2878.6 2878.6 Hex4HexNAc6Fuc3 

 

2908.6 2908.6 Hex5HexNAc6Fuc2 

 

2938.7 2938.7 Hex6HexNAc6Fuc1 

 

2968.7 2968.7 Hex7HexNAc6 

 

2979.7 2979.7 Hex5HexNAc7Fuc1 

 

3009.7 3009.7 Hex6HexNAc7 

 

3041.7 3041.7 Hex6HexNAc5Fuc3 
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3082.7 3082.8 Hex5HexNAc6Fuc3 

 

3112.8 3112.8 Hex6HexNAc6Fuc2 

 

3142.8 3142.8 Hex7HexNAc6Fuc1 

 

3153.8 3153.8 Hex5HexNAc7Fuc2 

 

3183.8 3183.8 Hex6HexNAc7Fuc1 

 

3213.8 3213.8 Hex7HexNAc7 

 

3254.8 3254.9 Hex6HexNAc8 

 

3286.9 3286.9 Hex6HexNAc6Fuc3 

 

3316.9 3316.9 Hex7HexNAc6Fuc2 
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3327.9 3327.9 Hex5HexNAc7Fuc3 

 

3357.9 3358.0 Hex6HexNAc7Fuc2 

 

3387.9 3388.0 Hex7HexNAc7Fuc1 

 

3428.9 3429.0 Hex6HexNAc8Fuc1 

 

3459.0 3459.0 Hex7HexNAc8 

 

3461.0 3461.0 Hex6HexNAc6Fuc4 

 

3491.0 3491.0 Hex7HexNAc6Fuc3 

 

3532.0 3532.1 Hex6HexNAc7Fuc3 

 

3562.0 3562.1 Hex7HexNAc7Fuc2 
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3592.0 3592.1 Hex8HexNAc7Fuc1 

 

3603.0 3603.1 Hex6HexNAc8Fuc2 

 

3633.1 3633.2 Hex7HexNAc8Fuc1 

 

3663.1 3663.2 Hex8HexNAc8 

 

3706.1 3706.2 Hex6HexNAc7Fuc4 

 

3736.1 3736.2 Hex7HexNAc7Fuc3 

 

3766.1 3766.2 Hex8HexNAc7Fuc2 

 

3777.1 3777.3 Hex6HexNAc8Fuc3 

 

3807.2 3807.3 Hex7HexNAc8Fuc2 
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3837.2 3837.3 Hex8HexNAc8Fuc1 

 

3910.2 3910.4 Hex7HexNAc7Fuc4 

 

3940.2 3940.4 Hex8HexNAc7Fuc3 

 

3981.2 3981.5 Hex7HexNAc8Fuc3 

 

4011.3 4011.5 Hex8HexNAc8Fuc2 

 

 

Table S2.2. Complete list of O-glycans identified by MADLI-TOF. Galactose ( ), N-acetylglucosamine ( ), N-

acetylgalactosamine ( ), Hexosamine ( ), Fucose ( ). Hex: Hexose, HexNAc: Hexosamine, Fuc: Fucose 
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Strains 
 

P. aeruginosa  NCBI Taxonomy ID/Reference 

PAO1 208964 

PAO1 ΔfliD Co et al. 2018 

PAO1 ΔmotABCD Co et al. 2018 

PAO1 Δpelpsl Borlee et al. 2010 

PA14 208963 

  

Plasmid  

pBBR1(MCS5)-Plac-gfp Co et al. 2018 
  

Primers for qPCR 
 

Gene Sequence 

lasR-F TCTACCAGACGCGAAAGCA 

lasR-R GCGTAGTCCTTGAGCATCCA 

rhlR-F CGCCACACGATTCCCTTCA 

rhlR-R TCCAGACCACCATTTCCGAG 

mvfR-F CCTCCGGTTCGATTTCCTCC 

mvfR-R GCATGTAAGGGATCAGGCGA 

pvdA-F GGCCTTCATCGACCTCAAC 

pvdA-R CGGTATCCACCACCGAATAG 

pcrV-F GTCAACGAGAAGACCACCCT 

pcrV-R TAGATCGCGCTGAGAATGTCG 

proC-F CAGGCCGGGCAGTTGCTGTC 

proC-R GGTCAGGCGCGAGGCTGTCT 

rpoD-F GGGCGAAGAAGGAAATGGTC 

rpoD-R CAGGTGGCGTAGGTGGAGAA 

 

Table S2.3. Strains and primers used in this study. 
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Figures S3.1 to S3.7 

Table S3.1 to S3.4 

References 

  



 159 

Supplementary Figures

 

Figure S3.1. Gene expression analysis of differentially regulated genes in response to mucin in the wild type, 

and baseline levels of H1-T6SS transcripts in different mutant backgrounds. A) RNA-seq analysis of gene 

expression changes in response to 0.5% mucin, relative to a media control. RNA-seq data are plotted as a 

function of genomic position (denoted by gene number), with each circle representing an individual gene. The 

H1-T6SS operon is shown with blue circles. B) Levels of T6SS transcripts in following exposure to isolated 

mucin glycoproteins relative to medium alone. Transcript levels measured by qRT-PCR and normalized to a 

control gene (rpoD). Bars indicate the mean ± SEM, with individual measurements shown. C) Representative 

Western blot of WT RetS-3xFLAG and RetS(ΔDismed2)-3xFLAG. The quantification (mean ± SD, n=4) of 

RetS(ΔDismed2)-3xFLAG levels relative to WT RetS-3xFLAG levels is indicated below. * indicates a non-specific 

band also present in the WT strain. D) Baseline levels of clpV1 and icmF1 in each GacS/Rsm/RetS mutant 

relative to the WT. Transcript levels measured by qRT-PCR and normalized to a control gene (rpoD). Bars 

indicate the mean ± SEM, with individual measurements shown (dots).  
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Figure S3.2. Mucin glycans downregulate the H1-T6SS at both 5 hours and 15 minutes after exposure. A) RNA-

seq analysis of gene expression changes in response to 0.1% glycans after 5 hours of exposure, relative to a 

media control. RNA-seq data are plotted as a function of genomic position (denoted by gene number), with each 

circle representing an individual gene. The H1-T6SS operon is shown with blue circles. B) Cleavage of pNP-

sugars by P. aeruginosa supernatants following growth in ABTGC medium with or without 0.5% mucin. Bars 

indicate the mean absorbance at 405 nm ± SEM, with individual measurements shown. C) RNA-seq analysis of 

gene expression changes in response to 0.1% glycans after 15 minutes of exposure, relative to a media control. 

RNA-seq data are plotted as a function of genomic position (denoted by gene number), with each circle 

representing an individual gene. The H1-T6SS operon is shown with blue circles. D) Levels of T6SS transcripts 

in PA14 following exposure to the pool of mucin glycans for 15 minutes relative to medium alone. Transcript 

levels measured by qRT-PCR and normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with 

individual measurements shown (black dots).  
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Figure S3.3. Measurement of GacS activity and RetS stability in RetS phosphor-mutants. A) Western blot of 3x-

FLAG tagged versions of chromosomal RetS point mutants. A quantification from three independent blots is 

shown on the right, indicating mean ± SD, with individual values indicated (black dots). * indicates a non-

specific band also present in the WT strain. B) Baseline levels of clpV1 and icmF1 in each RetS mutant relative 

to the WT. Transcript levels measured by qRT-PCR and normalized to a control gene (rpoD). Bars indicate the 

mean ±SEM, with individual measurements shown (dots). C) rsmY-lacZ expression, quantified by β-

galactosidase assays, in WT and ΔretS strains and a series of strains in which retS was deleted and then 

replaced, at the native locus, with the mutant variant of retS indicated (or a wild-type control). Data shown are 

mean ± SEM, with individual values indicated. D) Phosphotransfer from GacScΔRec1ΔHpt (the GacS kinase core) 

to RetSc. GacScΔRec1ΔHpt was autophosphorylated and then examined for phosphotransfer to wild-type RetSc, 

the RetSc point mutants indicated, or a buffer control. Reaction times (in minutes) are indicated above each gel. 

Bands corresponding to various phosphorylated proteins are labeled on the left of each gel. GacS is able to 

phosphorylate RetS, except in the RetS(D858A) mutant, indicating that the second receiver domain of RetS is 

responsible for siphoning phosphate from GacS. 
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Figure S3.4. Mucin glycans differentially regulate the RetS regulon in a RetS-dependent manner. A) RNA-seq 

analysis of gene expression changes in response to 0.1% glycans in the RetS(ΔDismed2) strain 5 hours after 

exposure, relative to a media control. RNA-seq data are plotted as a function of genomic position (denoted by 

gene number), with each circle representing an individual gene. The H1-T6SS operon is shown with blue circles. 

B) RNA-seq analysis of gene expression changes in response to 0.1% glycans in the RetS(D858A) strain 5 hours 

after exposure, relative to a media control. RNA-seq data are plotted as a function of genomic position (denoted 
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by gene number), with each circle representing an individual gene. The H1-T6SS operon is shown with blue 

circles. C) Heatmap of all H1-T6SS transcript levels following exposure to mucin glycans for 5 hours relative to 

a medium control in the wild type, RetS(∆Dismed2), and RetS(D858A) strains, as measured by RNA-sequencing. 

D,E) Regression of glycan-induced transcript-level changes in the wild-type (D) or RetS mutants (E) against the 

top 50% of differentially expressed genes in the RetS regulon (ΔretS/WT) [S1], that were also present and 

expressed in the PA14 RNA-seq datasets. Genome-wide transcript changes were measured by RNA-sequencing. 

H1-T6SS genes are highlighted in blue in the top panel. In the bottom panel, RetS(ΔDismed2) is highlighted in 

gray, and RetS(D858A) in purple. Linear regression fits and statistics were calculated on Prism. 

 

  



 164 

 

 

Figure S3.5. Mucin glycans regulate other pathways independently of RetS. Average expression of each 

enriched pathway upon exposure to 0.1% glycans in the WT (black), RetS(ΔDismed2) (red), and RetS(D858A) 

(green) strains. Fold changes are derived from each respective RNA-seq dataset.  

 

 

 

 

 

 

 

 



 165 

 

Figure S3.6. Commercially available synthetic moieties present on mucin glycans do not downregulate H1-

T6SS transcripts, and acid-treated mucin glycans are retained on Hypercarb columns. A) Levels of T6SS 

transcripts in PA14 following exposure to commercially available di and tri-saccharides. Transcript levels 

measured by qRT-PCR and normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual 

measurements shown (black dots). Mucin glycan data duplicated from Figure 4C, for reference. B) MALDI-TOF-

MS spectrum of MUC5AC glycans following 1 M TFA treatment and Hypercarb purification. Selected peaks 

labeled with monoisotopic masses and predicted structures.  
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Figure S3.7. Mucin glycans suppress T6SS-mediated killing of E. coli and B. cenocepacia by PA14 in a RetS-

dependent manner. A) Representative images of serial dilutions of viable E. coli cells following competition 

with PA14 wild type and T6SS mutant (ΔicmF1) in the presence and absence of glycans. B) Representative 

images of serial dilutions of viable E. coli cells following competition with PA14 RetS mutants in the presence 

and absence of glycans. A,B) Experiments performed on the same plate were compared to same E. coli alone 

control. In turn, note that the E. coli alone data panels are identical for Figure S3.7A, top panel and S3.7B, top 

panel, as well as for Figure S3.7A, bottom panel and Figure S3.7B, bottom panel. C) Representative images of 

serial dilutions of viable B. cenocepacia cells following competition with PA14 wild type and T6SS mutant 

(ΔicmF1) in the presence and absence of glycans. D) Representative images of serial dilutions of viable B. 

cenocepacia cells following competition with PA14 RetS mutants in the presence and absence of glycans.  
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Supplementary Tables 

 
Description Reference 

WT PA14 lab collection 

ΔretS This study 

ΔgacS This study 

WT PA14 + rsmY-lacZ This study 

RetS(ΔDismed2) + rsmY-lacZ This study 

RetS(ΔDismed2) + -3x-FLAG + rsmY-lacZ This study 

RetS-3x-FLAG + rsmY-lacZ This study 

ΔretS + RetS This study 

ΔretS + RetS(T428R) This study 

ΔretS + RetS(D713/715A) This study 

ΔretS + RetS(D858A) This study 

ΔretS + RetS + rsmY-lacZ This study 

ΔretS + RetS(T428R) + rsmY-lacZ This study 

ΔretS + RetS(D713/715A) + rsmY-lacZ This study 

ΔretS + RetS(D858A) + rsmY-lacZ This study 

ΔretS + RetS(T428R)-3xFLAG + rsmY-lacZ This study 

ΔretS + RetS(D713/715A)-3xFLAG + rsmY-lacZ This study 

ΔretS + RetS(D858A)-3xFLAG + rsmY-lacZ This study 

ΔrsmY/Z This study 

ΔrsmA/F This study 

ΔrsmY/Z+PlacUV5-rsmY This study 

ΔrsmY/Z+PrsmY-rsmY This study 

ΔicmF1 This study 

PAO1 lab collection 

MSH1 [S2] 

S54485 [S3] 

FRD1 [S4] 

CEC73 [S5] 

CF127 [S5] 

C078C [S5] 

E. coli S17  Lab collection 
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E. coli Dh5α Lab collection 

B. cenocepacia AU1054- pecG10- constitutive lacZ [S5] 

 

Table S3.1. Bacterial strains used in this study.  
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Plasmid Description Reference 

Mini-CTX-lacZ For chromosomal integration of genes 

in P. aeruginosa 

[S6] 

pCTX-rsmY-lacZ Chromosomal integration of rsmY-lacZ [S7] 

pexG2 Suicide vector for allelic exchange [S8] 

pMQ30 Suicide vector for allelic exchange [S9] 

pPSV38 Plasmid-borne expression of genes [S10] 

pEXG2-RetS(ΔDismed2) Chromosomal deletion of Dismed2 

domain of RetS 

This study 

pEXG2-RetS-3xFLAG Chromosomal integration of 3x-FLAG 

tag onto the C terminus of RetS 

This study 

pEXG2-RetS(D858A)-

3xFLAG 

Chromosomal integration of 3x-FLAG 

onto the C terminus of RetS(D858A) 

mutant 

This study 

pMQ30-RetS(T428R) Integrate mutant RetS at native RetS 

locus on chromosome 

This study 

pMQ30-RetS(D713/715A) Integrate mutant RetS at native RetS 

locus on chromosome 

This study 

pMQ30-RetS(D858A) Integrate mutant RetS at native RetS 

locus on chromosome 

This study 

pEXG2-rsmY Chromosomal deletion of rsmY This study 

pEXG2-rsmZ Chromosomal deletion of rsmZ This study 

pEXG2-rsmA Chromosomal deletion of rsmA This study 

pEXG2-rsmF Chromosomal deletion of rsmF This study 

pEXG2-icmF1 Chromosomal deletion of icmF1 This study 

pPSV38- lacUV5-rsmY Express rsmY from constitutive lacUV5 

promoter 

This study 

pPSV38- rsmY-rsmY Express rsmY from native rsmY 

promoter 

This study 

pMQ30-GacS Chromosomal deletion of GacS This study 

ML310 IPTG-driven expression of Trx-tagged 

proteins 

 Lab collection 

ML333 IPTG-driven expression of MBP-

tagged proteins 

 Lab collection 

ML333-GacSΔHpt ΔRec1 Expression of GacSc DHp/CA only This study 



 170 

  

Table S3.2. Plasmids used in this study.   

ML310-RetS Expression of RetSc This study 

ML310-RetS(T428R) Expression of putatively phosphatase 

dead RetS 

This study 

ML310-RetS(D713/715A) Expression of receiver one dead RetS This study 

ML310-RetS(D858A) Expression of receiver two dead RetS This study 
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# Description  Sequence 

1 pEXG2_vector_ΔDISMED2_F GGCTGATCCAGCAGCTCAACCTGCAACAGCTGCTTT

ACATTTATGCTTCCGGCTCGTA 

2 pEXG2_vector_ΔDISMED2_R AGGACCAGGGAGGACTCCAGGCGGACCATGCTTAAT

TAATTTCCACGGGTGCGCATG 

3 pEXG2_ DISMED2_frag1_F GATCATGCGCACCCGTGGAAATTAATTAAGCATGGT

CCGCCTGGAGTCCTCCCTGGTCCT 

4 pEXG2_ DISMED2_frag1_R GAGCAGCATGCCGAAGGCGTAGGCGGGCTTGGCGCT

GGGAGTAGTGGCGGTGGTTTGCAG 

5 pEXG2_ DISMED2_frag2_F CTGCAAACCACCGCCACTACTCCCAGCGCCAAGCCC

GCCTACGCCTTCGGCATGCTGCTC 

6 pEXG2_ DISMED2_frag2_R TATACGAGCCGGAAGCATAAATGTAAAGCAGCTGTT

GCAGGTTGAGCTGCTGGATCAGCC 

7 pEXG2-RetS-3xFLAG_vec_F CGGCCGCTACATCTTCATCCTCTTCGGTATTGCTTTA

CATTTATGCTTCCGGCTCGTATA 

8 pEXG2-RetS-3xFLAG_vec_R TCGCCGCCAGTTGCATGCCGGTCATGCCGCTTAATTA

ATTTCCACGGGTGCGCATGATC 

9 pEXG2-RetS-3xFLAG_insert_F GATCATGCGCACCCGTGGAAATTAATTAAGCGGCAT

GACCGGCATGCAACTGGCGGCGA 

10 pEXG2-RetS-3xFLAG_insert_R TATACGAGCCGGAAGCATAAATGTAAAGCAATACCG

AAGAGGATGAAGATGTAGCGGCCG  

11 pEXG2-RetS-3xFLAG_RTH_F AGATCATGACATCGACTACAAGGATGACGATGACAA

GTGAGGGCAGCGACGTGCTCCGGC 

12 pEXG2-RetS-3xFLAG_RTH_R TTATAATCACCGTCATGGTCTTTGTAGTCGCCGCTAC

CGCCGGAGGGCAGGGCGTCGCCC 

13 pEXG2-GacS-3xFLAG_vec_F GAAACCCGGCGCGATGCTGATCAATACCGGTGCTTT

ACATTTATGCTTCCGGCTCGTATA 

14 pEXG2-GacS-3xFLAG_vec_R CGACGCAGAGCAGCCGTGGCGGCCGTCCGGCTTAAT

TAATTTCCACGGGTGCGCATGATC 

15 pEXG2-GacS-3xFLAG_insert_F GATCATGCGCACCCGTGGAAATTAATTAAGCCGGAC

GGCCGCCACGGCTGCTCTGCGTCG 

16 pEXG2-GacS-3xFLAG_insert_R TATACGAGCCGGAAGCATAAATGTAAAGCACCGGTA

TTGATCAGCATCGCGCCGGGTTTC 

17 pEXG2-GacS-3xFLAG_RTH_F AGATCATGACATCGACTACAAGGATGACGATGACAA

GTGACCATGCGCATCCTGTTCTTC 

18 pEXG2-GacS-3xFLAG_RTH_R TTATAATCACCGTCATGGTCTTTGTAGTCGCCGCTAC

CGCCGAGTTCGCTGGAGTCGAGG 

19 pEXG2-RetS(D858A)-3xFLAG-RTH_F GCCTGCGAGATGCCGGTGCTCGACGGC 

20 pEXG2-RetS(D858A)-3xFLAG-RTH_R CATCAGCACCAGGTCGTACTGGGTC 

21 RetS(T428R)_F ACGAGATCCGCAGGCCCATGAACGGCG 
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22 RetS(T428R)_R CGCCGTTCATGGGCCTGCGGATCTCGT 

23 RetS(D713/715A)_F CCTGCTCGCCCAGGCCATGCCCGG 

24 RetS(D713/715A)_R CCGGGCATGGCCTGGGCGAGCAGG 

25 RetS(D858A)_F GGTGCTGATGGCCTGCGAGATGCCGGT 

26 RetS(D858A)_R ACCGGCATCTCGCAGGCCATCAGCACC 

27 pENTR-RetS_F caccATCCAGCAGCTCAACCTGCAACAGCGCAC 

28 pENTR-RetS_R TCAGGAGGGCAGGGCGTCGCCCTGG 

29 pENTR-GacS_F caccGGCAGCAACGAGCTGGACGAACTGGCCTCC 

30 pENTR-GacS_R TCAGAGTTCGCTGGAGTCGAGGCTGGTGGAA 

31 pENTR-GacS ΔRec1 ΔHpt_R TCATGGCGGCCGTCCGGAAACCATGGCGTG 

32 ΔretS_primer1 caggctgaaaatcttctctcatccgccaaaGCCTACCTGCGCGAGCAG

GGCGC 

33 ΔretS_primer2 TCGCCCTGGCGGCGGCGATCGATCCGAAGCCGTACC

ACGGCGAAGTCCCTTC 

34 ΔretS_primer3 CCGTGGTACGGCTTCGGATCGATCGCCGCCGCCAGG

GCGACG 

35 ΔretS_primer4 GCGGATAACAATTTCACACAGGAAACAGCTCGCCAG

CGCGCAGACGAACAGACCC 

35 ΔgacS_primer1 caggctgaaaatcttctctcatccgccaaaACTACGTCCCCAGGTCCA

GGACAGCCATACCGATAG 

36 ΔgacS_primer2 TCG AGG CTG GTG GAA GAC AGG CCG AGA TCC 

TTG AAC ACA CGT CTC TCC GTC G 

38 ΔgacS_primer3 GTGTGTTCAAGGATCTCGGCCTGTCTTCCACCAGCCT

CGACTCCAGCGAAC 

39 ΔgacS_primer4 GCG GAT AAC AAT TTC ACA CAG GAA ACA GCT 

TGC TAC CAC GCC ATC AGG CCC GGA CCC G 

40 ΔrsmY_primer1 GATCATGCGCACCCGTGGAAATTAATTAAGCGGTGG

CCACGTAGTTCGGGG 

42 ΔrsmY_primer2 CGACGCGGTTTTCCTCGGGCAATAAGGTTTGAAGAT

TACGCATCTCTGCGAGGG 

43 ΔrsmY_primer3 CCCTCGCAGAGATGCGTAATCTTCAAACCTTATTGCC

CGAGGAAAACCGCGTCG 

44 ΔrsmY_primer4 TATACGAGCCGGAAGCATAAATGTAAAGCACTGCTC

ACCGGCAACCTGGATATCG 

45 ΔrsmZ_primer1 GATCATGCGCACCCGTGGAAATTAATTAAGCATGCT

CGGCCTGAACGAACGGG  
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46 ΔrsmZ_primer2 GGCGACGAGTAAAACGGCAGGCAAACGCAGGAGTG

ATATTAGCGATTCCCTG 

47 ΔrsmZ_primer3 CAGGGAATCGCTAATATCACTCCTGCGTTTGCCTGCC

GTTTTACTCGTCGCC 

48 ΔrsmZ_primer4 TATACGAGCCGGAAGCATAAATGTAAAGCAGCACG

AGATGCCGAGCCAGCAG 

49 ΔrsmA_primer1 GATCATGCGCACCCGTGGAAATTAATTAAGCCTTCA

AGATCCTCGGGCCGATC 

50 ΔrsmA_primer2 TCGGCGCGTTGACGCCGAAATCAGCATTCCTTTCTCC

TCACGCGAATATTTC 

51 ΔrsmA_primer3 GAAATATTCGCGTGAGGAGAAAGGAATGCTGATTTC

GGCGTCAACGCGCCGA 

52 ΔrsmA_primer4 TATACGAGCCGGAAGCATAAATGTAAAGCAGCAACT

GTCGATCCTTCGTCCGTC 

53 ΔrsmF_primer1 GATCATGCGCACCCGTGGAAATTAATTAAGGCTCCA

GGTTGAGCTGATTGAGGC 

54 ΔrsmF_primer2 CTTTCGGTGCCGTCTTCAACTCGTCGAAACCCATGTT

CCGCGTCCTTGC 

55 ΔrsmF_primer3 GCAAGGACGCGGAACATGGGTTTCGACGAGTTGAAG

ACGGCACCGAAAG 

56 ΔrsmF_primer4 TATACGAGCCGGAAGCATAAATGTAAAGCATAATCG

CGTTCGGCCTGCTGG 

57 ΔicmF1_primer1 GATCATGCGCACCCGTGGAAATTAATTAAGATCGCC

GACGCCCTGCGCAAGGTCAAGG 

58 ΔicmF1_primer2 GGCCAGCTTGCCGTAGAAACCGACGCTGTGACCTTC

GCCGCGTTGCGCCGGGCCT 

59 ΔicmF1_primer3 AGGCCCGGCGCAACGCGGCGAAGGTCACAGCGTCG

GTTTCTACGGCAAGCTGGCC 

60 ΔicmF1_primer4 TATACGAGCCGGAAGCATAAATGTAAAGCAGCGCTG

CGCCGGGGTCACCGCTTC 

61 PlacUV5-rsmY primer 1 GCTTCCGGCTCGTATAATGTGTGGGTCAGGACATTG

CGCAGGAAG 

62 PlacUV5-rsmY primer 2 GTTTAGAGGCCCCAAGGGGTTATGCTAAAAGGCGTG

GTCTGAGCGAC 

63 PrsmY-rsmY primer 1 CGGTACCCGGGGATCCTCTAGAGCGAGCGGAACTAT

TACAGCGTGT 

64 PrsmY-rsmY primer 2 GTTTAGAGGCCCCAAGGGGTTATGCTAAAAGGCGTG

GTCTGAGCGACG 

65 clpV1_F (qPCR) CACAAGGTGCCGTTCGAGTT 

66 clpV1_R (qPCR) GTTGTCGCGGCTACTGATAC 

67 icmF1_F (qPCR) CAACCCTACGTCGACACCTC 
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68 icmF1_R (qPCR) CATGGTCACCGGCTTGAGTT 

69 rpoD_F (qPCR) GGGCGAAGAAGGAAATGGTC 

70 rpoD_R (qPCR) CAGGTGGCGTAGGTAGAGAA 

 

Table S3.3. Primers used in this study. 
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Figure 3.1F 

clpV1 p value 

WT vs. ΔretS 0.0028 

WT vs. retS(ΔDismed2) <0.0001 

WT vs. ΔrsmY/Z 0.0022 

WT vs. ΔrsmA/F 0.0033 

WT vs. ΔgacS <0.0001 

WT vs. ΔrsmY/Z+ lacUV5-rsmY 0.0002 

WT vs. ΔrsmY/Z+ native promoter-rsmY 0.7561 

 
 

icmF1 
 

WT vs. ΔretS 0.0044 

WT vs. retS(ΔDismed2) 0.002 

WT vs. ΔrsmY/Z 0.0307 

WT vs. ΔrsmA/F 0.1567 

WT vs. ΔgacS 0.0338 

WT vs. ΔrsmY/Z+ lacUV5-rsmY 0.0985 

WT vs. ΔrsmY/Z+ native promoter-rsmY 0.9998 
  

Figure 3.2B 

clpV1 
 

0.5% native mucins vs. 0.1% glycans <0.0001 

0.5% native mucins vs. 0.1% monosaccharides <0.0001 
  

icmF1 
 

0.5% native mucins vs. 0.1% glycans 0.0046 

0.5% native mucins vs. 0.1% monosaccharides 0.0496 

  

Figure 3.3C 

clpV1 
 

PA14 vs. PAO1 0.5569 

PA14 vs. MSH3 0.7617 

PA14 vs. S54485 0.6638 

PA14 vs. FDR1 0.9919 

PA14 vs. CEC73 0.1835 

PA14 vs. CF127 0.0026 
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PA14 vs. C078C <0.0001 
  

icmF1 
 

PA14 vs. PAO1 0.5798 

PA14 vs. MSH3 0.8007 

PA14 vs. S54485 0.9445 

PA14 vs. FDR1 0.4086 

PA14 vs. CEC73 0.5408 

PA14 vs. CF127 0.0567 

PA14 vs. C078C <0.0001 
  

Figure 3.4A 

clpV1 
 

WT vs. ΔgacS <0.0001 

WT vs. ΔretS <0.0001 

WT vs. retS(ΔDismed2) <0.0001 
  

icmF1 
 

WT vs. ΔgacS <0.0001 

WT vs. ΔretS <0.0001 

WT vs. retS(ΔDismed2) <0.0001 
  

Figure 3.4C 

clpV1 
 

WT vs. RetS(T428R) 0.01 

WT vs. RetS(D713/715A) 0.0122 

WT vs. RetS(D858A) 0.0018 
  

icmF1 
 

WT vs. RetS(T428R) 0.0078 

WT vs. RetS(D713/715A) 0.0829 

WT vs. RetS(D858A) 0.0078 
  

Figure 3.4D 

Strains comparison 
 

WT vs. RetS(ΔDismed2) <0.0001 
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WT vs. RetS(D858A) <0.0001 

  

Figure 3.5F 

clpV1 
 

0.1% glycans vs. 0.1 M TFA treated glycans 0.3496 

0.1% glycans vs. 1 M TFA treated glycans 0.4179 

0.1% glycans vs. 1 M TFA, hypercarb 0.2022 
  

icmF1 
 

0.1% glycans vs. 0.1 M TFA treated glycans 0.3377 

0.1% glycans vs. 1 M TFA treated glycans 0.2883 

0.1% glycans vs. 1 M TFA, hypercarb 0.2327 
  

Figure 3.6A 

Medium alone - Glycans 
 

WT 0.0014 

ΔicmF1 0.6158 
  

Figure 3.6B 

Strains comparison 
 

WT vs. ΔretS(Dismed2) 0.0008 

WT vs. RetS(D858A) 0.0129 
  

Figure 3.6C 

Medium alone - Glycans 
 

WT 0.0007 

ΔicmF1 0.7777 

  

Figure 3.6D 

Strains comparison 
 

WT vs. retS(ΔDismed2) 0.0053 

WT vs. RetS(D858A) 0.0098 

 

Table S3.4. Statistical analyses. 
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Appendix C: Supplementary Information for Chapter 4 

 

Supplementary materials include: 

Supplementary Information 

Figures S4.1 to S4.4 

References 
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Supplementary Information 

Planktonic and biofilm biomass. To monitor the ability of communities to form biofilms on 

plastic, wells were washed with phosphate-buffered saline to remove loosely adherent cells and 

then biofilm cells were isolated from the surface by scraping. Total bacterial load in the culture 

and bacterial load in the biofilm were quantified based on the total DNA content (Allison et al. 

2013; Jaysree et al. 2013) via nanodrop. 

Quantification of putative mucin-targeting glycoside hydrolases (GH). For each representative 

bacterial strain corresponding to a dominant genus in the inoculum, a GH profile was obtained 

from the carbohydrate-active enzyme (CAZy) database (Lombard et al. 2014). The total number 

of GHs targeting linkages present in mucin were enumerated. The specific GH families of interest 

were GH2 [β-gal], 18 [β-glcNAc], 20 [β-glcNAc, lacNAc, β-SO3-glcNAc], 27 [⍺-galNAc], 29 [⍺-

fuc], 31 [⍺-galNAc], 33 [neu5Ac], 35 [β-gal], 36 [⍺-galNAc], 42 [β-gal], 95 [⍺-fuc], 98 [β-gal], 

101 [⍺-galNAc], 109 [⍺-galNAc], 112 [lacNAc], and 151 [⍺-fuc], where the target linkages are 

indicated in brackets. 
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Supplementary Figures 

 

 
 
Figure S4.1, related to Figure 4.2. Mucins isolated from saliva (MUC5B), gastric mucus (MUC5AC), or 

intestinal mucus (MUC2) retained (A) Mitis group streptococci, (B) Parasanguinis streptococci, and (C) 

Granulicatella to different degrees, while restricting the outgrowth of Salivarius streptococci (D) after 48 

h. Salivarius data are duplicated from the 48 h time point in Figure 4.2E. All experiments were performed 

using inoculating communities 1 & 2, n = 4. Significant differences relative to medium alone were assessed 

using the repeated measures one-way ANOVA with Dunnett’s multiple comparison test, * p < 0.05, ** p < 

0.01.  * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001. 
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Figure S4.2, related to Figure 4.2. Comparison of the planktonic and biofilm fractions of microbial 

communities cultured for 48 h in glucose medium. (A) Biofilm formation was reduced at 48 hours following 

growth in medium with mucins relative to medium alone. Bar length represents the mean change in biofilm 

formation, each point represents the change for an independent replicate (n = 4, inoculating communities 1 

and 2), and error bars indicate standard error of the mean (SEM). Significant changes in biofilm formation were 

identified with one-way, two-sided t-tests, * p < 0.05, ** p < 0.01. (B) Biofilm and planktonic communities had 

similar levels of alpha diversity. The center line indicates the median, the box limits indicate the upper and 

lower quartiles and the whiskers indicate the minimum and maximum values. Significance was assessed using 

a two-sided t-test. Planktonic community diversity is duplicated from Figure 4.1C (48 h) for comparison to the 

biofilm community. (C) The biofilm and planktonic fractions had similar microbial compositions. (D) Biofilm 

communities were significantly enriched in Streptococcus. Bar length represents the mean Streptococcus 

abundance, and each point represents the abundance for an independent replicate. Significance was assessed 

using a two-sided t-test. (B-D) Experiments were performed using inoculating communities 1 – 4, n = 8, time = 

48 h.  
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Figure S4.3, related to Figure 4.4. Mucin glycans can serve as the sole carbon source to promote the 

culturability of microbial communities containing putative glycan-degraders. (A) Abundance of putative 

mucin-targeting glycoside hydrolases in representative oral bacteria. (B) Microbial communities clustered 

according to sole carbon source (48 h). Heatmap shows the relative abundance of microbial taxa present at 

>1.5% abundance, and the color key is indicated in the upper right corner. Dendrograms represent average 

linkage clustering (1-Pearson distance metric) of (top) ex vivo communities based on the microbial 

composition and (left) taxa based on their abundance profiles across samples. (C) Heatmap of log2-transformed 

fold change in abundance of dominant genera following 48 hours growth in medium with 0.25% mucin, 0.25% 

mucin glycans, 0.25% mucin monosaccharides, or 0.5% glucose as a sole carbon source relative to the starting 

community (n = 4). Significant changes in abundance were identified with one-way, two-sided t-tests. 

Significance threshold was adjusted with Bonferroni correction for multiple comparisons * p < 0.0024. (D) 

Log2-transformed fold change in biomass after 48 hours following growth in medium with 0.25% mucin, 0.25% 

mucin glycans, 0.25% mucin monosaccharides, or 0.5% glucose as a sole carbon source relative to medium 

without a carbon source. Each dot represents an independent replicate. Experiments in Figure S4.3 were 

performed using inoculating communities 3 & 4.  
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Figure S4.4, related to Figure 4.5. Mucin glycans promote the prolonged coexistence of multiple genera. 

(A) Microbial communities clustered according to the environments in which they were cultured (48 h). 

Heatmap shows the relative abundance of microbial taxa present at >0.1% abundance, and the color key is 

indicated in the upper right corner. Dendrograms represent average linkage clustering (1-Pearson distance 

metric) of (top) ex vivo communities based on the microbial composition and (left) taxa based on their 

abundance profiles across samples. (i,ii) Groups of microbes that cooccur within communities cultured in a 

particular environment or within communities derived from the same microbiota. (i) Taxa with a relatively 

high abundance in mucin glycans. (ii) Taxa with a relatively high abundance in inoculum 4 compared to 

inoculum 3. (B-F) Change in abundance over time in medium alone or medium with glycans (n = 4) for 

Salivarius streptococci (B), Mitis streptococci (C), Parasanguinis streptococci (D), Granulicatella (E), and 

Gemella (F). All experiments in Figure S4.4 were performed using inoculating communities 3 & 4. 
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