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Supplementary materials and methods: 23 

HQNO quantification 24 

HQNO production in the representative P. aeruginosa clinical isolates was performed as 25 

previously described (1). Briefly, bacterial overnight cultures grown in LB were centrifuged to 26 

obtain cell-free spent media. Each sample was diluted with an equivalent volume of methanol 27 

containing the internal standard (20 mg/L of d7-quinoline). The solution was then centrifuged at 28 

13,000g for 15 min to obtain supernatant. HQNO concentration was then measured by Liquid 29 

Chromatograph Mass Spectrometer. 30 

Neutrophil isolation 31 

Informed written consent was obtained from all 4 healthy donors before the collection of peripheral 32 

blood for isolating primary human neutrophils. All procedures were approved by the Ohio State 33 

University Institutional Review Board (IRB-2009H0314). Neutrophils were isolated as previously 34 

described(2). Briefly, heparinized blood from healthy human donors was collected in saline. Ficoll-35 

Paque® PLUS (GR Healthcare) was layered on top of the blood and then centrifuged at 404 × g 36 

for 40min at 23˚C. The pellet was then resuspended in an equal volume of 3% cold Dextran in 37 

0.9% NaCl and allowed for sediment for 20min on ice. The upper layer was centrifuged at 665 × g 38 

for 10min at 4˚C. The resulting pellet was resuspended in cold endotoxin-free H2O for 30s to lyse 39 

red blood cells before 1.8% NaCl solution was immediately added to restore isotonicity. The 40 

sample was centrifuged at 131 × g for 3min at 4˚C, and the pellet containing neutrophils was 41 

resuspended in HBSS (without calcium, magnesium, or phenol red; Corning) and counted in a 42 

hemocytometer chamber(3). 43 

Neutrophil killing assay 44 

This assay was carried out as previously described with modifications (4). P. aeruginosa and S. 45 

aureus overnight cultures were normalized to an OD600 of 0.5, washed with HBSS, and opsonized 46 
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with 20% human serum (CompTech) for 30min at 37˚C. The two bacteria were then either mixed 47 

at a 1 : 1 ratio or separately incubated with neutrophils statically for 1h at 37˚C (MOI = 10 for each 48 

bacterial species). The samples were centrifuged at 18000 x g for 10min to lyse the neutrophils 49 

and release internalized bacteria. The pellets were resuspended in HBSS, serially diluted, and 50 

plated on PIA and MSA to enumerate CFUs. Bacterial survival was normalized to the CFUs at 0h.  51 

For microscopy analysis, neutrophils (2 x 106 cells per well) were seeded on poly-l-lysine coated 52 

coverslips in HBSS supplemented with 100 M CellTracker™ Blue (Invitrogen) for 30min at 37˚C, 53 

5% CO2. Fluorescently tagged P. aeruginosa (PAO1-TdTomato)(5) was grown overnight in LB 54 

supplemented with 300ug/mL of carbapenem. Fluorescently tagged S. aureus (USA300-GFP)(6) 55 

was grown overnight in LB supplemented with or without 50μg/mL flavone. Attached neutrophils 56 

were infected with PAO1-TdTomato, USA300-GFP, or both species for 1h at 37˚C, 5% CO2 (MOI 57 

= 10 for each bacterial species). Unattached cells were washed away with HBSS. Coverslips were 58 

fixed in 4% paraformaldehyde for 30min at room temperature, mounted to slides using Prolong™ 59 

Gold antifade reagent (Invitrogen), and visualized using a Nikon Ti2 wide field microscope fitted 60 

with a 60x oil objective. 6 images with Z-stacks of 0.3m step size were taken for each sample 61 

for each replicate. Using the NIS-elements AR software, images were clarified, deconvoluted, and 62 

thresholded to quantify the total volume of bacteria. Representative images shown in Figure 6C 63 

were presented as a maximum intensity projection, created from the original 3D images by the 64 

software.  65 

Dermal full-thickness murine wound infection 66 

This assay was carried out as previously described(7) with modifications. All procedures were 67 

approved by the Ohio State University Institutional Animal Care and Use Committee 68 

(2017A00000028-R1; 2008R0135-R1; 2011R00000021-R1). Briefly, 6-week-old female BALB/c 69 

mice were anesthetized using isoflurane gas, and the dorsal area was shaved. The dorsal area 70 

was then sterilized with ethanol and two identical full-thickness dorsal wounds were generated 71 
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with a 6mm punch biopsy tool (Integra™ Miltex®) and bandaged with a Tegaderm dressing (3M). 72 

The mice were allowed to recover for 24h before infection. For infection, mid-log P. aeruginosa 73 

and S. aureus (OD600 = 0.5) were washed and resuspended in 0.9% endotoxin-free saline. Each 74 

wound was infected with bacterial cultures containing 5x106 cells of either PAO1 (containing a 75 

constitutively expressed luminescent marker(8)), USA300 or crtM::Tn, or both species. A total of 76 

7 animals were used for each group. To assess PAO1 burden throughout infection, mice were 77 

anesthetized, and the wound luminescence was imaged daily with an IVIS Lumina II optical 78 

imaging system (PerkinElmer Inc.). The acquired images were scaled to the radiance of 1e8 to 79 

2e9. The average radiance of PAO1-lux on each animal was used to access the PAO1 burden 80 

throughout infection. Three days post infection, mice were euthanized by CO2 inhalation. The 81 

wounded tissue was collected, weighed, and placed in separate tubes containing 1 mL of PBS. 82 

All samples were homogenized with a Pro Scientific Bio-Gen Series Pro200 hand-held 83 

homogenizer for 45 s. The resulting solutions were serially diluted, plated on PIA and MSA, and 84 

incubated at 37 °C overnight. CFUs were calculated per gram of tissue.  85 

H&E and IF staining, and pathology analysis on the wound tissues 86 

3 days post infection, wounds were harvested, fixed in 4% paraformaldehyde for a week, 87 

transferred into 100% ethanol, and sent to HistoWiz. The tissues were embedded in paraffin, 88 

sectioned longitudinally (4μm), and stained with H&E. Digital skin sections were subjectively 89 

assessed by HistoWiz for the severity and extent of inflammation to provide pathology scoring. 90 

As for the IF staining, the slides were deparaffinized and blocked with 3% bovine serum albumin 91 

supplemented with 50 mM glycine, 0.05 % Tween20, and 0.1% Triton X-100 at 4˚C overnight. 92 

Slides were then incubated with primary P. aeruginosa antibody(9) (1 : 500 dilution) at 4˚C 93 

overnight and secondary antibody (Alexa FluorTM 647 chicken anti-rabbit IgG, Invitrogen; 1 : 500 94 

dilution) at room temperature for 1h. They were visualized by microscopy (Nikon ECLIPSE Ti2) 95 
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using a 4x objective. 6 wounds were imaged for each group. The depth of PAO1 penetration into 96 

the wound and total pixel count were measured by NIS-elements AR software. 97 

P. aeruginosa and S. aureus planktonic co-culture  98 

Overnight cultures of PAO1 and USA300 or crtM::Tn were diluted to OD600 0.05 and combined at 99 

a ratio of 1:1 in LB. The co-culture was incubated at 37˚C shaking at 200rpm for 24h. It was 100 

serially diluted and plated on MSA to enumerate for S. aureus CFUs. S. aureus survival was 101 

normalized to the CFUs at 0h.  102 
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Fig. S1. S. aureus STX production is not induced by antibiotic-mediated growth inhibition. 103 

USA300 was grown at different distances to discs soaked in 5µL of 1mg/mL ciprofloxacin (CIP), 104 

10mg/mL daptomycin (DAP) or PAO1 overnight culture on solidified media in a macrocolony 105 

proximity assay. Yellow arrows point to USA300 colonies with no color change, orange arrows 106 

point to USA300 colonies with increased yellow pigmentation and black arrows point to USA300 107 

colonies with inhibited growth.  108 
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Fig. S2. S. aureus STX production when grown with PAO1 mutants with decreased 109 

antagonism towards S. aureus. USA300 was grown at different distances to PAO1 mutants 110 

deficient in producing exopolysaccharide Psl (A, ΔPpsl), pyoverdine (B, ΔpvdA), protease LasA (C, 111 

lasA::Tn) or rhamnolipid (D, rhlA::Tn) on solidified media in a macrocolony proximity assay. The 112 

orange arrows point to USA300 with increased yellow pigmentation, and the black arrows point 113 

to USA300 growth inhibition by PAO1.  114 
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Fig. S3. P. aeruginosa HQNO induces S. aureus STX production in SCFM2. STX production in 115 

SCFM2-grown USA300 treated with or without 5% filter-sterilized PAO1 spent media (sup) or 5μM 116 

of HQNO was measured. The results were normalized to the untreated group. Data are presented 117 

as mean ± SD from the results of at least 3 biological replicates, each with 2 technical replicates. 118 

*, P<0.05, compared to the untreated group, determined by one-way ANOVA.  119 
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Fig. S4. P. aeruginosa induction of S. aureus STX production is prevalent among clinical 120 

isolates. (A) Representative images and their respective proportions (%) of 3 classes of S. aureus 121 

clinical isolates when grown with P. aeruginosa PAO1 in a macrocolony proximity assay. Class I 122 

(14.7%) isolates were white colonies. STX production in Class II (78.7%), despite different intrinsic 123 

colors of the colonies (yellow: left; white: right), was induced by adjacent PAO1. Class III (6.6%) 124 

had yellow colonies, but no STX induction by PAO1. (B) Representative images and their 125 

respective proportions (%) of 3 classes of P. aeruginosa clinical isolates when grown with S. 126 

aureus USA300 in a macrocolony proximity assay. Class I (27.6%) did not induce STX production 127 
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in the adjacent USA300 macrocolonies. Class II (62.1%) inhibited USA300 growth and induced 128 

STX production. Class III (10.3%) induced STX production in USA300 without growth inhibition. 129 

Both mucoid (right) and non-mucoid (left) strains were found in Class I and II. HQNO production 130 

of the representative strains was quantified and labeled at the bottom of each image. (C) HQNO 131 

production of 2 representative P. aeruginosa isolates from each class was measured by LC/MS. 132 

(D) USA300 was grown at different distances to mucoid PDO300 (left) or PDO300ΔpqsA (right) 133 

on solidified media in a macrocolony proximity assay. For A, B and C, the yellow arrows point to 134 

S. aureus colonies with no color change while the orange arrows depict S. aureus colonies with 135 

increased yellow pigmentation. The black arrows point to S. aureus growth inhibition by P. 136 

aeruginosa. (E) STX production in USA300, treated with (+) or without (-) 20% filter-sterilized 137 

PAO1ΔpqsA, PDO300 or PDO300ΔpqsA spent media (sup), was measured after methanol 138 

extraction at 462nm. The results were normalized to the untreated group. Data are presented as 139 

mean ± SD from the results of at least 3 biological replicates, each with 2 technical replicates. **, 140 

P < 0.01; ns, not significant, compared to the untreated group, determined by one-way ANOVA.   141 
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Fig. S5. Methicillin-sensitive S. aureus STX production is induced by P. aeruginosa. MSSA 142 

was grown at different distances to PAO1 on solidified media in a macrocolony proximity assay. 143 

The orange arrow points to MSSA with increased yellow pigmentation, the yellow arrow points to 144 

MSSA with no color change, and the black arrow points to MSSA growth inhibition by PAO1.  145 
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Fig. S6. S. aureus survial when treated with H2O2. (A) USA300 and crtM::Tn were pre-treated 146 

with or without 5% filter-sterilized P. aeruginosa spent media (sup) overnight and then subjected 147 

to 3% H2O2 killing for 1h. (B) USA300 and crtM::Tn were grown overnight in the presence of 148 

50μg/mL flavone (+F) to inhibit STX production, mixed with an equal amount of PAO1, and 149 

subjected to 3% H2O2 killing for 1h. (C,D) USA300 and crtM::Tn were pre-treated with or without 150 

5% (v/v) filter-sterilized P. aeruginosa spent media (sup), or 5μM HQNO or PQS overnight, mixed 151 

with an equal amount of PAO1, and subjected to 3% H2O2 killing for 1h in either LB (C) or SCFM2 152 

(D). (E) USA300 was pre-treated with or without 20% (v/v) filter sterilized PAO1ΔpqsA, PDO300 153 

or PDO300ΔpqsA spent media (sup), mixed with an equal amount of PDO300, and subjected to 154 

3% H2O2 killing for 1h. S. aureus survival is presented as CFUs normalized to the starting CFUs 155 

at 0h. Data presented as mean  SD from the results of at least 3 biological replicates, each with 156 

3 technical replicates. ns, not significant, compared to USA300 with no treatment (-), determined 157 

by ANOVA.  158 
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Fig. S7. STX induction protects P. aeruginosa from H2O2-mediated killing in SCFM2.  PAO1, 159 

alone or mixed with an equal amount of S. aureus with various treatments, was subjected to 3% 160 

H2O2-mediated killing for 1h in SCFM2. USA300 was pre-treated with or without 5% filter-sterilized 161 

PAO1 spent media (sup), or 5μM HQNO overnight. PAO1 survival is presented as CFUs 162 

normalized to the starting CFUs at 0h. Data are presented as mean ± SD from the results of at 163 

least 3 biological replicates, each with 3 technical replicates. **, P < 0.01; ****, P < 0.0001; ns, not 164 

significant, determined by one-way ANOVA.  165 
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Fig. S8. STX induction protects mucoid P. aeruginosa from H2O2-mediated killing. PDO300, either 166 

alone or mixed with an equal amount of USA300 with various treatments, was subjected to 3% 167 

H2O2-mediated killing for 1h. USA300 was pre-treated with or without 20% (v/v) filter-sterilized 168 

PAO1ΔpqsA, PDO300 or PDO300ΔpqsA spent media (sup). PDO300 survival is presented as 169 

CFUs normalized to the starting CFUs at 0h. Data are presented as mean ± SD from the results 170 

of at least 3 biological replicates, each with 3 technical replicates. *, P < 0.05; **, P < 0.01; ns, not 171 

significant, determined by one-way ANOVA.  172 
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Fig. S9. S. aureus survival in the presence of human neutrophils. (A) USA300 or crtM::Tn, 173 

either alone or mixed with an equal amount of PAO1, was subjected to human neutrophil killing 174 

for 1h (MOI = 10 for each species). S. aureus survival is presented as CFUs normalized to the 175 

starting CFUs at 0h. Data presented as mean  95%CI from the results of at 4 biological 176 

replicates, each with 3 technical replicates. (B) USA300-GFP was pre-treated with 50μg/mL 177 

flavone (+F) to inhibit STX production, then mixed with or without an equal amount of PAO1-178 

TdTomato, was added to adhered human neutrophil (PMN) for 1h. Total S. aureus volume was 179 

measured by NIS-Element AR software. Data presented as mean  95%CI from the results of at 180 

least 4 biological replicates, each with 6 technical replicates. ns, not significant, compared to S. 181 

aureus without the presence of PAO1 (-), determined by two-way ANOVA.  182 
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Fig. S10. Analysis of P. aeruginosa and S. aureus co-infection in the mouse wound model. (A) 183 

AUC of Figure 7D comparing PAO1 bioluminescent signal intensity among PAO1 mono-infection 184 

and co-infections with USA300 or crtM::Tn through the 3-day infection. Data presented as mean 185 

 95%CI from the results of >12 biological replicates. **, P < 0.01; ****, P < 0.0001; ns, not 186 

significant, determined by one-way ANOVA. (B) PAO1 total pixel count from IF-stained wound 187 

sections among all groups was quantified. Data presented as mean  95%CI from the results of 188 

6 biological replicates. (C) Pathology scores of the wound tissues 3 days after infection among all 189 

groups. Data presented as mean  95%CI from the results of 6 biological replicates. (D) USA300 190 

and crtM::Tn CFU/g among all groups were quantified. Data presented as mean  95%CI from 191 

the results of at least 12 biological replicates, each with 3 technical replicates. ns, not significant, 192 

compared to USA300 infection, determined by two-way ANOVA. (E) The ratio of crtM::Tn survival 193 

to that of USA300 was compared between S. aureus mono-infection (-PAO1) and co-infection 194 

with PAO1 (+PAO1).  195 
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Fig. S11. S. aureus survival in co-culture with PAO1. USA300 or crtM::Tn were cultured with 196 

PAO1 in LB for 24h. S. aureus survival was quantified by comparing CFUs at 24h to that of 0h. 197 

Data presented as mean  SD from the results of 3 biological replicates, each with 2 technical 198 

replicates. ns, not significant, compared to USA300, determined by one-way ANOVA.   199 
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Fig. S12. S. aureus STX production is not induced when treated with H2O2. STX production 200 

in USA300 and crtM::Tn, treated with (+) or without (-) 0.1% or 1% H2O2, was measured after 201 

methanol extraction at 462nm. The results were normalized to the untreated USA300. Data are 202 

presented as mean ± SD from the results of 3 biological replicates, each with 2 technical replicates. 203 

ns, not significant, compared to the untreated group, determined by one-way ANOVA.   204 
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Fig. S13. S. aureus STX production can be induced by B. cepacia at a modest level. (A) 205 

USA300 was grown at different distances to 2 different B. cepacia strains (Bc1, Bc2) on solidified 206 

media in a macrocolony proximity assay. The orange arrow points to USA300 with increased 207 

yellow pigmentation, yellow arrow points to no color change. (B) STX production in USA300, 208 

treated with (+) or without (-) filter-sterilized B. cepacian spent media (sup), was measured after 209 

methanol extraction at 462nm. The results were normalized to the untreated group. Data are 210 

presented as mean ± SD from the results of 3 biological replicates, each with 2 technical replicates. 211 

ns, not significant, compared to the untreated group, determined by one-way ANOVA.  212 
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 Fig. S14. Schematic summary of S. aureus STX-mediated protection to P. aeruginosa from 213 

host ROS. (A) During mono-infections, P. aeruginosa and S. aureus are susceptible to host ROS 214 

killing indicated by lysed bacteria. (B) During co-infections, P. aeruginosa-secreted HQNO 215 

induces STX production (indicated by increased yellow pigmentation) in S. aureus which protects 216 

both bacterial species from host ROS, possibly by creating an ROS-free zone around the S. 217 

aureus cells. (Figure created with BioRender.com) 218 

219 
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Table S1. Strains used in this study 220 

Strains Description Source 

P. aeruginosa  
laboratory strains   
PAO1 WT P. aeruginosa (10) 

ΔpqsA PAO1 pqsA deletion mutant (11) 

ΔpqsA/A+ Chromosomal complementation of PAO1 ΔpqsA this study 

ΔpqsL PAO1 pqsL deletion mutant this study 

ΔpqsL/L+ Chromosomal complementation of PAO1 ΔpqsL this study 

PDO300 Mucoid, a mucA derivative of PAO1 (12) 

PDO300ΔpqsA Mucoid, pqsA deleted in PDO300 this study 

PAO1-TdTomato 
PAO1 carrying a constitutively expressed Td-tomato producing 
plasmid (5) 

PAO1-lux Luminescent PAO1 (8) 

ΔPpsl PAO1 psl production deficient; psl operon promoter deletion mutant  (10) 

ΔpvdA PAO1 pvdA deletion mutant (11) 

rhlA::Tn rhlA transposon mutant (UWGC:PW6886, PA3479::ISphoA/hah) (13) 

lasA::Tn lasA transposon mutant (UWGC:PW4282, PA1871::ISlacZ/hah) (13) 

P. aeruginosa 
clinical isolates     

6546 CF clinical isolate, mucoid this study 

6547 CF clinical isolate this study 

6548 CF clinical isolate this study 

6550 CF clinical isolate, mucoid this study 

6551 CF clinical isolate, mucoid this study 

6559 CF clinical isolate this study 

6560 0CH5M4, CF clinical isolate (11) 

6561 0CH7HJ, CF clinical isolate (11) 

6565 0CHBKC, CF clinical isolate (11) 

6566 0CHBKD, CF clinical isolate (11) 

6354 Wound isolate this study 

6355 Wound isolate this study 

6356 Wound isolate this study 

6357 Wound isolate this study 

6358 Wound isolate this study 

6359 Wound isolate this study 

6360 Wound isolate this study 

6361 Wound isolate this study 

6362 Wound isolate this study 

6363 Wound isolate this study 

6364 Wound isolate this study 

6365 Wound isolate this study 

6366 Wound isolate this study 

6367 Wound isolate this study 
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2901 CF clinical isolate this study 

2902 CF clinical isolate, mucoid this study 

2903 CF clinical isolate this study 

2905 CF clinical isolate, mucoid this study 

2906 CF clinical isolate this study 

S. aureus 
laboratory strains      

USA300 WT S. aureus (14) 

MSSA ATCC 29213, Methicillin sensitive S. aureus ATCC 

USA300-GFP USA300 with constitutively expressed GFP on the chromosome (6) 

crtM::Tn crtM transposon mutant (NE1444, NARSA) (14) 

S. aureus clinical 
isolates     

6538 CF clinical isolate this study 

6539 CF clinical isolate this study 

6540 CF clinical isolate this study 

6541 CF clinical isolate this study 

6542 CF clinical isolate this study 

6543 CF clinical isolate this study 

6544 CF clinical isolate this study 

6545 CF clinical isolate this study 

6553 CF clinical isolate this study 

6554 CF clinical isolate this study 

6555 CF clinical isolate this study 

6556 CF clinical isolate this study 

6557 CF clinical isolate this study 

6558 CF clinical isolate this study 

6562 CF clinical isolate this study 

6563 CF clinical isolate this study 

6564 CF clinical isolate this study 

6567 CF clinical isolate this study 

6569 CF clinical isolate this study 

6585 CF clinical isolate this study 

6586 CF clinical isolate this study 

6587 CF clinical isolate this study 

6588 CF clinical isolate this study 

6589 CF clinical isolate this study 

6590 CF clinical isolate this study 

6591 CF clinical isolate this study 

6592 CF clinical isolate this study 

6593 CF clinical isolate this study 

6594 CF clinical isolate this study 

6595 CF clinical isolate this study 
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6596 CF clinical isolate this study 

6637 CF clinical isolate this study 

4101 Bloodstream isolate this study 

4102 Bloodstream isolate this study 

4103 Bloodstream isolate this study 

4104 Bloodstream isolate this study 

4105 Bloodstream isolate this study 

4106 Bloodstream isolate this study 

4107 Bloodstream isolate this study 

4108 Bloodstream isolate this study 

4109 Bloodstream isolate this study 

4110 Bloodstream isolate this study 

4111 Bloodstream isolate this study 

4112 Bloodstream isolate this study 

4113 Bloodstream isolate this study 

4114 Bloodstream isolate this study 

4115 Bloodstream isolate this study 

4116 Bloodstream isolate this study 

4117 Bloodstream isolate this study 

4118 Bloodstream isolate this study 

4119 Bloodstream isolate this study 

4120 Bloodstream isolate this study 

4121 Bloodstream isolate this study 

4122 Bloodstream isolate this study 

4123 Bloodstream isolate this study 

4124 Bloodstream isolate this study 

4125 Bloodstream isolate this study 

4126 Bloodstream isolate this study 

4127 Bloodstream isolate this study 

4128 Bloodstream isolate this study 

4129 Bloodstream isolate this study 

4130 Bloodstream isolate this study 

B, cepacia strains   

Bc1 B, cepacia strain HI2424 (15) 

Bc2 B, cepacia strain MH1K (16) 

  221 
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Table S2. STX production and induction in S. aureus clinical isolates 222 
 Total #(%) I II III 

CF 31 (100%) 5 (16.1%) 23 (74.2%) 3 (9.7%) 

Blood 30 (100%) 4 (13.3%) 25 (83.3%) 1 (3.3%) 

Total 61 (100%) 9 (14.7%) 48 (78.7%) 4 (6.6%) 

I: no STX production 223 
II: STX induced by PAO1 224 
III: produces STX but no induction by PAO1 225 
* No significant difference was found when comparing the classifications of isolates derived from 226 
different sources. 227 
  228 
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Table S3. STX induction by P. aeruginosa clinical isolates 229 

  Total #(%) I II III 

CF 15 (100%) 7 (46.7%) 8 (53.3%) 0 (0%) 

Wound 14 (100%) 1 (7.1%) 10 (71.4%) 3 (21.4%) 

Total 29 (100%) 8 (27.6%) 18 (62.1%) 3 (10.3%) 

I: no STX induction nor growth inhibition 230 
II: induces STX production with growth inhibition 231 
III: induces STX production without growth inhibition 232 
* No significant difference was found when comparing the classifications of isolates derived from 233 
different sources.  234 
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