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Abstract 

Mucus is a densely populated ecological niche that coats all 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 

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

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

mucins, and particularly their associated glycans, activate the sensor kinase RetS via its 

Dismed2 domain 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 the 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.   
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Main text 

Mucus, a viscoelastic matrix that coats epithelial surfaces, represents a critical interface 

for host-microbe interactions in the human body, serving as a home for trillions of our 

commensal microbes (1), while simultaneously acting as the first line of defense against 

many pathogens (2, 3). While mucus has historically been viewed as a simple physical 

barrier, recent work has suggested that mucins, the gel-forming components of mucus, 

are potent regulators of microbial behavior that can attenuate virulence in a variety of 

pathogens without affecting viability (4–6). For example, exposure of the opportunistic 

pathogen Pseudomonas aeruginosa to mucin glycoproteins triggers the suppression of 

many virulence pathways including quorum sensing and the type III secretion system (4). 

To date, over 200 distinct glycan structures have been identified on mucins (7), and may 

represent a rich source of potential regulatory signals for P. aeruginosa and other 

microbes. However, the molecular mechanisms by which these host-derived signals 

impact P. aeruginosa behavior are unclear (Fig. 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 (8). Although the signals that activate these two-

component systems in P. aeruginosa are largely unknown, the histidine kinase RetS may 

respond to sugars (9), making it a candidate for sensing mucin glycans. RetS has been 

extensively studied for its role in inhibiting GacS-GacA two-component system (10, 11), 

a master regulator of virulence that induces gene expression changes associated with a 

chronic infection state (12). Among these GacS-activated pathways is the Hcp Secretion 
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Island I-encoded Type VI Secretion System (H1-T6SS) (12), a needle-like apparatus that 

directly injects proteinaceous toxic effectors into other bacteria (13) (Fig. 1B-C), and may 

contribute to P. aeruginosa fitness during chronic infections (13, 14). However, the signals 

that GacS and RetS respond to have remained elusive.  

Here, we identify mucin glycans as signals that activate RetS via its carbohydrate-binding 

Dismed2 domain to directly inhibit GacS-GacA activity in the P. aeruginosa PA14 strain. 

In particular, we find 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.  

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 (12, 14). However, it is unclear how the H1-T6SS is 

regulated in native healthy mucus, in which P. aeruginosa is typically unable to establish 

infections. To test how healthy mucus impacts the H1-T6SS, we cultured PA14, a 

hypervirulent clinical isolate, in a solution of whole mucus containing ~0.5% MUC5AC, an 

isoform of mucin present in niches colonized by P. aeruginosa. 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 (Fig. 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 (Fig. 1D), relative to 
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mucin-depleted mucus. Furthermore, addition of purified MUC5AC (0.5%) to mucin-

depleted mucus restored H1-T6SS downregulation (Fig. 1D), indicating that mucins are 

sufficient to suppress 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 (15). 

In addition to clpV1 and icmF1, the H1-T6SS locus contains 25 other genes. To determine 

the extent to which mucin regulates the rest of the H1-T6SS locus, we performed RNA-

sequencing on PA14 exposed to purified mucins for 5 hours in chemically defined medium 

(Table S1). Isolated MUC5AC downregulated H1-T6SS genes by an average of 2.3-fold, 

with 18 of the 27 transcripts downregulated at least 2-fold (Fig. 1E, Fig. S1A). For 

comparison, five housekeeping genes were not substantially affected (>|2-fold|) by 

mucins (Fig. 1E). In agreement with the RNA-seq data, purified mucins decreased clpV1 

and icmF1 transcript levels approximately 2-3 fold when measured by qRT-PCR (Fig. 

S1B), which was similar to the downregulation observed with whole mucus (Fig. 1D). 

Taken together, these results suggest that mucins downregulate the majority of H1-T6SS 

genes in PA14.  

Mucins activate 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 (12) (Fig. 1C). This protein contains an 

N-terminal periplasmic Dismed2 domain that has homology to carbohydrate-binding 

proteins (9), and could potentially respond to mucin glycoproteins. To determine if RetS 

can sense mucins, we generated a strain lacking RetS, and found the ability of mucins to 

downregulate clpV1 and icmF1 in this background was impaired (Fig. 1F). Similarly, a 
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variant of RetS lacking its periplasmic Dismed2 domain, which was as stable as full-length 

RetS protein (Fig. S1C), also failed to respond to mucin (Fig. 1F).  

RetS controls H1-T6SS activity by inhibiting the GacS-GacA two-component system and 

the downstream Rsm pathway (Fig. 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 downregulate H1-T6SS transcripts in any of these strains (Fig. 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 

(Fig. S1D) 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 (Fig. S1D) but removed GacS/GacA control of rsmY 

expression. Mucins were unable to downregulate the H1-T6SS in the ΔrsmY/Z + PlacUV5-

rsmY strain (Fig. 1F). By contrast, when the plasmid-borne copy of rsmY was expressed 

from its native promoter, mucin could downregulate clpV1 and icmF1 (Fig. 1F). Taken 

together, our results indicate that mucins act through RetS and the Gac/Rsm pathway to 

downregulate the H1-T6SS. 

Mucin glycans are the mucus-derived signal that mediate the downregulation of 

H1-T6SS  

Given the predicted sugar binding function of the RetS Dismed2 domain, mucin-derived 

glycans may be the component of mucins that activate RetS. To test this possibility, we 

isolated mucin glycans from MUC5AC by alkaline β-elimination. Using matrix-assisted 
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laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, we identified 

>80 glycan structures by mass (Fig. 2A, Table S2), which does not include possible 

isomeric forms. This diversity of glycan structures in the purified pool offers a rich source 

of potential signals that may activate RetS. Indeed, exposure to 0.1% w/v of this mucin 

glycan pool (corresponding to low millimolar concentrations) was sufficient to 

downregulate clpV1 and icmF1 (Fig. 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 (Fig. 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 whole 

intact mucins, we used RNA-seq to quantify the effects of 0.1% glycans on the full H1-

T6SS locus (Table S1). Similar to the suppression of H1-T6SS seen with intact mucins 

(Fig. 1E), H1-T6SS genes were downregulated by an average of 2.6-fold in the presence 

of glycans (Fig. 2C, Fig. S2A). 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 (Fig. 2D).  

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 (Fig. 2E). Further, glycans 

suppressed clpV1 expression at multiple time points throughout exponential phase (Fig. 

2F), suggesting that the glycan response is prolonged and not an artifact of a particular 

time point.  
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Signaling through RetS and GacS was previously found to trigger gene expression 

changes within 15-25 minutes (15). To determine how quickly the H1-T6SS is 

downregulated in response to mucin glycans, we performed RNA-seq on cells exposed 

to glycans for 15 minutes (Fig. S2B) following growth to mid-exponential phase, when the 

H1-T6SS is maximally expressed in the absence of glycans (Fig. 2F). We found that H1-

T6SS locus was downregulated by an average of ~2-fold after 15 minutes of glycan 

exposure (Fig. S2C, Table S1). To 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 (Fig. S2D). These results indicate that mucin glycans 

rapidly downregulate the H1-T6SS. 

Mucin glycans activate RetS via its periplasmic Dismed2 and its cytoplasmic 

phosphorelay domains 

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, free mucin glycans were no longer able to downregulate clpV1 or icmF1 in 

any of these mutants (Fig. 3A), confirming that both the sensory domain of RetS and 

GacS 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 to varying degrees 
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(16–18), 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) (Fig. 3B). After confirming that these 

mutations did not affect RetS stability (Fig. S3A), we measured GacS activity in these 

mutants by using qRT-PCR to quantify H1-T6SS transcript levels (Fig. S3B), and by using 

an rsmY-lacZ reporter (Fig. S3C). 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 receive phosphate from GacS was confirmed using in vitro 

phosphorylation assays (Fig. S3D).  

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 glycans 

to suppress clpV1 and icmF1 expression 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 (Fig. 3C).  Overall, these results are consistent with a model 

in which glycans simulate RetS to directly siphon phosphate from GacS and to act as a 

phosphatase, which leads to decreased GacS activity and suppression of the H1-T6SS. 

Mucin glycan signaling through RetS affects the RetS regulon 

To confirm that glycans act through RetS to suppress the rest of the H1-T6SS locus in 

addition to clpV1 and icmF1, we performed RNA-seq on the signal-blind RetS(ΔDismed2) 

and RetS(D858A) strains following exposure to mucin glycans (Fig. S4A-B, Table S1). 

While glycans downregulated the H1-T6SS genes by ~2.6-fold on average in the wild 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.018614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.018614


 
 

 10 

type, this locus was no longer downregulated by glycans in either RetS mutant (Fig. 3D, 

Fig. S4C).  

RetS controls the expression of dozens of other genes beyond the H1-T6SS, many of 

which are uncharacterized but may contribute to chronic infections (12). To determine the 

extent to which these other RetS-dependent genes are regulated by mucin glycans, we 

compared gene expression profiles of glycan-exposed wild-type cells to the published 

expression profile of the ΔretS strain (12) (Table S3). These two profiles were inversely 

correlated (r = -0.57, p<0.0001), as glycans inhibit GacS, whereas a deletion of retS 

activates GacS (Fig. S4D). By contrast, there was no significant correlation when 

comparing the gene expression profiles of glycan-exposed RetS(ΔDismed2) and 

RetS(D858A) cells to the published ΔretS regulon (Fig. S4E).  

A previous study reported that mucins regulate other pathways in addition to the H1-

T6SS, many of which are virulence-associated (4). To determine if these pathways were 

also suppressed 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 (Fig. 3E, Fig. S5). By 

contrast, all other pathways were differentially expressed in the wild-type and both RetS 

mutants (Fig. 3E, Fig. S5).  

Overall, these findings demonstrate that glycans act specifically through RetS to suppress 

H1-T6SS and the majority of the RetS regulon, but likely act through different pathways 

to control RetS-independent phenotypes. 
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P. aeruginosa likely senses mucin glycans built on a core 2 structure 

Mucin glycans are 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 residues that are modified with terminal sialic acid and/or fucose. 

To determine if these terminal moieties are essential for glycan 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 (19). 

We identified putative structures of the 1M TFA-treated glycans by mass spectrometry 

(Fig. 4A-B, Table S2). Acid treatment 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 (Fig. 4C). Glycans in both the untreated and acid-treated 

pools retained high levels of the acid-resistant core 1 and core 2 structures (Fig. 4D). By 

contrast, acid-treated glycans had substantially less fucose and sialic acid compared to 

the untreated pool (Fig. 4E).  

Notably, acid-treated glycans were at least as potent as the diverse pool, triggering a 

strong downregulation of clpV1 and icmF1 (Fig. 4F). 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 (20). The composition of the glycan pool before and after 

Hypercarb purification was similar, suggesting that most intact glycans were successfully 

retained by the column (Fig. S6A, Table S2). These Hypercarb-retained glycans 
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downregulated clpV1 and icmF1 to the same extent as the unseparated glycans 

(Fig. 4F). We further tested commercially-available sugar moieties present in mucin 

glycans including the core 1 structure, N-Acetyl-D-lactosamine (lacNAc), and the 

oligosaccharides (GlcNAc)2 and (GlcNAc)3. None of these di- or trisaccharides 

downregulated the H1-T6SS (Fig. S6B), although the possibility remains that natively 

purified glycans may differ from their synthesized counterparts in various ways including 

linkage, modifications, or the presence of associated molecules. Overall, these results 

indicate that H1-T6SS suppressing glycans are likely built on a core 2 structure and do 

not require terminal fucose or sialic acid. 

Mucin glycans suppress T6SS-mediated killing by PA14 through RetS 

Downregulation of the H1-T6SS by mucin glycans should lead to decreased killing of 

neighboring bacteria by PA14. To test this prediction, we used an established T6SS killing 

assay involving the co-incubation of PA14 and E. coli (15). In the absence of glycans, co-

incubation of PA14 and E. coli led to substantial killing of E. coli (~1-2 logs) (Fig. 5A). 

Deleting a critical structural component of the H1-T6SS (ΔicmF1) abrogated killing (Fig. 

5A), confirming that E. coli killing was dependent on the H1-T6SS under these 

experimental conditions. Strikingly, the addition of glycans also abolished E. coli killing to 

a similar extent as the ΔicmF1 mutant (Fig. 5A). 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 (Fig. 5A). 

Because H1-T6SS downregulation by glycans was abolished in both the RetS(ΔDismed2) 

and RetS(D858A) mutants (Fig. 3D, Fig. S4C), we reasoned that glycans would no longer 
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be 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 (Fig. S3B-C), and accordingly we observed a drastic loss in E. coli 

viability compared to competitions with wild-type PA14 (Fig. 5B). Notably, glycans were 

no longer able to rescue E. coli survival when co-cultured with either RetS mutant strain 

(Fig. 5B), confirming that glycans act through both the Dismed2 and second receiver 

domains of RetS to suppress T6SS-mediated killing. 

Discussion  

Recent work indicates that mucus contains potent signals that influence microbial gene 

expression and behavior (4–6). However, the molecules in mucus and the mechanisms 

by which bacteria sense and respond to these signals have remained unclear. Here, we 

demonstrate that a subset of mucin glycans activates the sensor kinase RetS via its 

Dismed2 sensory domain in P. aeruginosa. This signaling stimulates the ability of RetS 

to inhibit GacS, likely by siphoning phosphoryl groups from GacS and by acting as a 

phosphatase. Mucin glycans induce changes in the expression of the majority of the GacS 

regulon including the downregulation of the H1-T6SS, which prevents T6SS-dependent 

killing of E. coli by P. aeruginosa in a RetS-dependent manner.  

While RetS likely responds to a subset of mucin glycans built on a core 2 structure, some 

homologs of Dismed2 can bind to multiple glycans (21–24). Thus, other carbohydrates 

may also signal through RetS. For example, upon lysis, P. aeruginosa is thought to 

release a “danger signal” that signals through RetS to activate the H1-T6SS in kin cells 

(15). Although the exact signal was not found, an intriguing hypothesis is that the signal 
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may be a bacterially-produced carbohydrate that resembles mucin glycans, and that 

specific structural differences between these bacterial and host signals may either 

activate or inhibit RetS. In this way, perhaps mucin glycans can be considered a host-

produced “safety signal” that suppresses bacterial antagonism and instead promotes 

microbial co-existence (Fig. 5C). Indeed, our observation that mucin glycans lead to 

reduced T6SS-dependent killing in phenotypic assays may help explain the inability of P. 

aeruginosa to invade and displace communities found in healthy mucus. 

We anticipate that changes to mucin glycosylation in certain diseases may prevent the 

virulence-suppressing response documented here. In particular, increased sialyation and 

distinct glycosylation patterns have been observed in the mucus of individuals with cystic 

fibrosis (25–27), which may partly explain how P. aeruginosa is capable of establishing 

infections in this niche. Further dissection of how various glycans influence RetS activity 

may inform the development of intervention strategies to limit P. aeruginosa infections. 

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 through an unknown mechanism (28), suggesting that the virulence-

attenuating effects of core 2-containing glycans are not exclusive to P. aeruginosa. 

Furthermore, purified mucins attenuate virulence in the Gram-positive Streptococcus 

mutans (5) and the fungal pathogen Candida albicans (6), 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 
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mucus. An understanding of the molecular mechanisms driving these signaling events 

may inspire the design of novel therapeutics that can attenuate virulence in a variety of 

problematic pathogens.   
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Figures 

 

Figure 1. Mucin acts through the GacS/RetS/Rsm pathway to suppress the H1-

T6SS. 

A) Healthy mucus environments suppress bacterial virulence. The mechanisms by which 

mucin polymers regulate bacterial behavior are unknown. 
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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 the expression of 

the H1-T6SS in response to unknown signals. Upon activation, the histidine kinase GacS 

autophosphorylates and then transfers its phosphoryl group to its cognate response 

regulator, GacA. Phosphorylated GacA activates transcription of the regulatory RNAs, 

rsmY and rsmZ, which sequester the RNA-binding proteins, RsmA and RsmF. Inhibition 

of RsmA and RsmF induces changes in the levels of dozens of transcripts, including 

activation of the H1-T6SS. RetS is an accessory histidine kinase that inhibits GacS. 

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 (as a point of reference) 

representing the fold change of each gene following exposure to mucins for 5 hours 

relative to medium alone, measured by RNA-sequencing. Arrows indicate the orientation 

and relative size of each gene. The names of genes that encode key components of the 

T6SS apparatus are color coded according to Fig. 1B (baseplate in brown, membrane 

complex in gray, the needle/sheath in green, tip in orange). 
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F) Levels of T6SS transcripts in PA14 wildtype and GacS/Rsm/RetS mutants following 

exposure to mucin relative to medium alone. Gene expression 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 2. Mucin glycans are sufficient to suppress the T6SS. 

A) Representative glycan structures derived from MUC5AC, as identified by mass 

spectrometry. 
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B) Levels of T6SS transcripts in PA14 following exposure to the pool of mucin glycans or 

monosaccharides for 5 hours relative to medium alone. Gene expression 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 Fig. 1F, for 

reference. 

C) Overlap of differentially expressed genes in response to mucins or glycans after 5 

hours relative to medium alone, measured by RNA-sequencing. 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. 

Arrows indicate the orientation and relative size of each gene. The names of genes that 

encode key components of the T6SS apparatus are color coded according to Fig. 1B 

(baseplate in brown, membrane complex in gray, the needle/sheath in green, tip in 

orange). 

D) Regression of glycan-induced transcriptional changes against mucin-induced 

transcriptional changes at 5 hours. Genome wide transcriptional changes were measured 

by RNA-sequencing. H1-T6SS genes are highlighted in blue.  

E) Levels of T6SS transcripts in PA14 following 5-hour exposure to the pool of mucin 

glycans at different concentrations relative to medium alone. Gene expression 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.  

F) 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 
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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.   
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Figure 3. Mucin glycans promote RetS inhibition of GacS through the RetS 

phosphorelay domains.  

A) Levels of T6SS transcripts in PA14 RetS, RetS(∆Dismed2) and GacS mutants 

following exposure to mucin glycans for 5 hours relative to medium alone. Gene 

expression 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 Fig. 2B for reference. 

B) Schematic of the phosphorelay domains of RetS (various shades of blue) and 

GacS/GacA (purple), with key phosphorelay residues numbered and domains labeled. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.018614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.018614


 
 

 30 

RetS likely inhibits GacS both by acting as a phosphatase via its DHp/CA domain and by 

siphoning phosphates from GacS onto its second receiver domain.  

C) Levels of T6SS transcripts in RetS phospho-mutants following exposure to mucin 

glycans for 5 hours relative to medium alone. Gene expression 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 (i.e., glycan-mediated changes that 

only occur in the wild type) and RetS-independent (i.e., glycan-mediated changes that 

occur in the wild type and both RetS mutants) 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 4. Active glycans likely contain a core 2 moiety, but do not require fucose 

or sialic acid. 

A) MALDI-TOF-MS spectrum of the full 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. 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 full pool of MUC5AC glycans versus the 

pool of glycans following acid treatment. 
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E) Relative abundance of fucosylated, sialylated, and non-fucosylated/sialylated glycans 

in the full MUC5AC glycan pool versus the acid-treated glycan pool. 

F) Levels of T6SS transcripts in PA14 following exposure to pools of acid-treated glycans 

for 5 hours relative to medium alone. Gene expression measured by qRT-PCR and 

normalized to a control gene (rpoD). Bars indicate the mean ± SEM, with individual 

measurements shown (black dots).   

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.018614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.018614


 
 

 33 

 

Figure 5. Mucin glycans suppress T6SS-mediated killing by PA14 in a RetS-

dependent manner.  

A) Competition assay between E. coli and the PA14 wild type and T6SS mutant (ΔicmF1) 

in the presence and absence of glycans. Left: Representative images of serial dilution of 

viable E. coli cells following competition with PA14. Right: Center bar represents the mean 
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change in P. aeruginosa competitive index relative to the wild type in medium alone, with 

individual measurements shown (black dots). 

B) Competition assay between E. coli and the PA14 RetS mutants in the presence and 

absence of glycans. Left: Representative images of serial dilution of viable E. coli cells 

following competition with PA14. Right: 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).  

C) Mucin glycans are host-produced “safety signals” that suppress the H1-T6SS by 

activating RetS via its carbohydrate-binding Dismed2 sensory domain, which directly 

inhibits GacS activity. The resulting suppression of the H1-T6SS may help prevent P. 

aeruginosa from colonizing healthy mucus.  
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