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Fig. S1. 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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Fig. S2. 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 Fig. 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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Fig. S3. 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. Complete 

results of the pathway analysis are presented in Tables S3 (downregulated) and S4 (upregulated). 

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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Fig. S4. 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. The full list of fold change in differentially expressed 

virulence genes are presented in Table S1. 
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Fig. S5. 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. 
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Fig. S6. 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. 
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Fig. S7. 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.  

  



9 

 

 

 

 

Fig. S8. 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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Fig. S9. 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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Fig. S10. 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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Fig. S11. 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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Fig. S12. 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.  



14 

 

 
 

 

Fig. S13. 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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Fig. S14. 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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Separate excel spreadsheet 

 

Table S1. Complete fold changes (FC) and false discovery rates (FDR) for RNA-sequencing 

experiments. FC are all relative to P. aeruginosa grown in media alone. Experiments were 

performed in ABTGC media supplemented with 0.5% MUC5AC (n = 3), MUC5B (n = 3), or 

0.01% MUC5AC-glycans (n = 3) at 5h, and with the PAO1 strain grown under static conditions. 

Read counts were fitted to a negative binomial model and false discovery rates were extracted with 

the Benjamini-Hochberg algorithm. Note: Some residual rRNA remains in the library, but because 

the amount is based on the efficiency of the rRNA depletion reaction rather than actual biological 

differences, changes to rRNA expression are non-interpretable. 

 

 

Separate excel spreadsheet 

Table S2. Complete results of gene set enrichment analysis for downregulated pathways. 

Values represent the Benjamini-Hochberg corrected p-values (false discovery rates, FDR). FDR < 

0.05 (5.0E-02) was used as the significance level, and indicates that the genes in a particular 

pathway tended to be downregulated by MUC5AC (n = 3), MUC5B (n = 3), or MUC5AC-glycans 

(n = 3). Significant values are bolded. Test statistics were generated with the one-sided Mann-

Whitney U test based on ranked log2-transformed fold changes. Note: Some residual rRNA 

remains in the library, but because the amount is based on the efficiency of the rRNA depletion 

reaction rather than actual biological differences, changes to the Ribosome pathway are non-

interpretable. 

 

 

Separate excel spreadsheet 

 

Table S3. Complete results of gene set enrichment analysis for upregulated pathways. Values 

represent the Benjamini-Hochberg corrected p-values (false discovery rates, FDR). FDR < 0.05 

(5.0E-02) was used as the significance level, and indicates that the genes in a particular pathway 

tended to be upregulated by MUC5AC (n = 3), MUC5B (n = 3), or MUC5AC-glycans (n = 3). 

Significant values are bolded. Test statistics were generated with the one-sided Mann-Whitney U 

test based on ranked log2-transformed fold changes. 
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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 

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 S4. 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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Separate excel spreadsheet 

 

Table S5. Complete fold changes (FC) and false discovery rates (FDR) for supplementary 

RNA-sequencing experiments. FC are all relative to P. aeruginosa grown in media alone. 

Experiments were performed in different culture medium (LB or M9), at different time points (5h 

or 8h), and with different strains (PAO1 or PA14). For experiments with PAO1, n = 3. For 

experiments with PA14, n = 2. All supplementary experiments were done under shaking 

conditions. Read counts were fitted to a negative binomial model and false discovery rates were 

extracted with the Benjamini-Hochberg algorithm. 

 

 

Separate excel spreadsheet 

 

Table S6. Complete results of gene set enrichment analysis for downregulated pathways in 

supplementary data sets. Values represent the Benjamini-Hochberg corrected p-values (false 

discovery rates, FDR). FDR < 0.05 was used as the significance level, and indicates that the genes 

in a particular pathway tended to be downregulated by MUC5AC. Test statistics were generated 

with the one-sided Mann-Whitney U test based on ranked log2-transformed fold changes. 

Significant values are bolded. Column header indicates the culture medium, P. aeruginosa strain, 

and time point. Blank cells indicate that the pathway could not be tested for enrichment due to 

limited pathway annotations for the PA14 strain. For experiments with PAO1, n = 3. For 

experiments with PA14, n = 2. All supplementary cultures were grown under shaking conditions. 

 

 

Separate excel spreadsheet 

 

Table S7. Complete results of gene set enrichment analysis for upregulated pathways in 

supplementary data sets. Values represent the Benjamini-Hochberg corrected p-values (false 

discovery rates, FDR). FDR < 0.05 was used as the significance level, and indicates that the genes 

in a particular pathway tended to be upregulated by MUC5AC. Test statistics were generated with 

the one-sided Mann-Whitney U test based on ranked log2-transformed fold changes. Significant 

values are bolded. Column header indicates the culture medium, P. aeruginosa strain, and time 

point. Blank cells indicate that the pathway could not be tested for enrichment due to limited 

pathway annotations for the PA14 strain. For experiments with PAO1, n = 3. For experiments with 

PA14, n = 2. All supplementary cultures were grown under shaking conditions. 
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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 

 

1457.8 1457.8 Hex2HexNAc4 

 

1519.9 1519.9 Hex3HexNAc2Fuc2 

 

1560.9 1560.9 Hex2HexNAc3Fuc2 
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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 

 

1907.1 1907.1 Hex3HexNAc5 

 

1969.1 1969.1 Hex4HexNAc3Fuc2 

 

2010.1 2010.1 Hex3HexNAc4Fuc2 

 

2040.2 2040.1 Hex4HexNAc4Fuc1 
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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 

 

2285.3 2285.3 Hex4HexNAc5Fuc1 

 

2315.3 2315.3 Hex5HexNAc5 

 

2356.3 2356.3 Hex4HexNAc6 

 

2388.4 2388.3 Hex4HexNAc4Fuc3 
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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 

 

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 
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2704.5 2704.5 Hex4HexNAc6Fuc2 

 

2734.5 2734.5 Hex5HexNAc6Fuc1 

 

2764.6 2764.6 Hex6HexNAc6 

 

2805.6 2805.6 Hex5HexNAc7 

 

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 
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2979.7 2979.7 Hex5HexNAc7Fuc1 

 

3009.7 3009.7 Hex6HexNAc7 

 

3041.7 3041.7 Hex6HexNAc5Fuc3 

 

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 
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3286.9 3286.9 Hex6HexNAc6Fuc3 

 

3316.9 3316.9 Hex7HexNAc6Fuc2 

 

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 
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3532.0 3532.1 Hex6HexNAc7Fuc3 

 

3562.0 3562.1 Hex7HexNAc7Fuc2 

 

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 
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3777.1 3777.3 Hex6HexNAc8Fuc3 

 

3807.2 3807.3 Hex7HexNAc8Fuc2 

 

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 S8. 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 4 (Co et al. 2018) 

PAO1 ΔmotABCD 4 (Co et al. 2018) 

PAO1 Δpelpsl 44 (Borlee et al. 2010) 

PA14 208963 

  

Plasmid  

pBBR1(MCS5)-Plac-gfp 4 (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 S9. Strains and primers used in this study. 
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